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Abstract 
 
The modification of injection brine ionic composition to improve oil recovery in sandstones and carbonates has been 
an area of active research for the past two decades. Despite successful laboratory and field applications of controlled 
salinity brines on sandstone and carbonate rock samples and reservoirs, there have been several studies reporting no 
observed improvements. Mechanisms underlying this low/controlled salinity effect (LSE/CSE) remains unidentified 
and a proper understanding is required in order to screen for suitable reservoirs and develop waterflooding brine with 
optimum composition. This paper presents a detailed review of the published data and proposed mechanisms for the 
CSE in carbonates as well as a comparative study with sandstones followed by a statistical analysis on the available 
coreflood dataset for carbonates. 
 
The review finds that most conditions proposed to be necessary for the CSE to occur in carbonates do not hold. 
However, most published data does suggest that the CSE is associated with an increase in water-wetness for initially 
intermediate- to oil-wet carbonates. Nevertheless in some studies, the CSE occurred without this wettability 
alteration trend; similar observations were made for sandstones. The CSE in carbonates was found to be more 
consistently induced by increasing calcium, magnesium, and/or sulfate ions in injection/imbibing brine than reducing 
salinity. Main mechanisms proposed to induce the CSE in carbonates are multi-ion exchange (MIE-C) and rock 
dissolution. MIE is also a mechanism common to sandstones. Mechanisms may be acting individually or in 
combination and feature complex crude oil-brine-rock interaction. Therefore, understanding the CSE is a cross-
disciplinary effort that requires the integration of a broad range of experimental measurements at reservoir conditions 
and computer modelling of various physico-electro-chemical processes to investigate the underlying interactions at 
the microscopic pore scale and the ensuing macroscopic effects. Zeta potential measurements and imaging 
technology are vital for capturing changes on mineral surface associated with wettability alteration and the CSE. 
 
Multivariate and univariate linear regression analyses were limited by data availability. Majority of the 71 regression 
models for secondary and tertiary mode corefloods did not fit well. The best performing model was fitted on a sample 
with 92 tertiary mode corefloods yielding R̅ 2  = 0.33 and p-values < 0.05 for all the following variables: coreflood 
temperature, acid number, oil density, oil viscosity, decrease in brine ionic strength, and change in ratio of calcium 
and magnesium to sulfate ions. The low R̅ 2 value indicates that other important variables controlling the CSE have 
not been accounted for. Statistically significant temperature and crude oil variables reinforces the suggestions that 
measurements should be taken at reservoir temperature and that the relationship between crude oil properties and the 
CSE requires more investigation. 
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Abstract 
The modification of injection brine ionic composition to improve oil recovery in sandstones and carbonates has been an area of 
active research for the past two decades. Despite successful laboratory and field applications of controlled salinity brines on 
sandstone and carbonate rock samples and reservoirs, there have been several studies reporting no observed improvements. 
Mechanisms underlying this low/controlled salinity effect (LSE/CSE) remains unidentified and a proper understanding is 
required in order to screen for suitable reservoirs and develop waterflooding brine with optimum composition. This paper 
presents a detailed review of the published data and proposed mechanisms for the CSE in carbonates as well as a comparative 
study with sandstones followed by a statistical analysis on the available coreflood dataset for carbonates. 
The review finds that most conditions proposed to be necessary for the CSE to occur in carbonates do not hold. However, 
most published data does suggest that the CSE is associated with an increase in water-wetness for initially intermediate- to oil-
wet carbonates. Nevertheless in some studies, the CSE occurred without this wettability alteration trend; similar observations 
were made for sandstones. The CSE in carbonates was found to be more consistently induced by increasing calcium, magnesium, 
and/or sulfate ions in injection/imbibing brine than reducing salinity. Main mechanisms proposed to induce the CSE in 
carbonates are multi-ion exchange (MIE-C) and rock dissolution. MIE is also a mechanism common to sandstones. Mechanisms 
may be acting individually or in combination and feature complex crude oil-brine-rock interaction. Therefore, understanding the 
CSE is a cross-disciplinary effort that requires the integration of a broad range of experimental measurements at reservoir 
conditions and computer modelling of various physico-electro-chemical processes to investigate the underlying interactions at 
the microscopic pore scale and the ensuing macroscopic effects. Zeta potential measurements and imaging technology are vital 
for capturing changes on mineral surface associated with wettability alteration and the CSE. 
Multivariate and univariate linear regression analyses were limited by data availability. Majority of the 71 regression models 
for secondary and tertiary mode corefloods did not fit well. The best performing model was fitted on a sample with 92 tertiary 
mode corefloods yielding R̅ 2 = 0.33 and p-values < 0.05 for all the following variables: coreflood temperature, acid number, oil 
density, oil viscosity, decrease in brine ionic strength, and change in ratio of calcium and magnesium to sulfate ions. The low 
R̅ 2 value indicates that other important variables controlling the CSE have not been accounted for. Statistically significant 
temperature and crude oil variables reinforces the suggestions that measurements should be taken at reservoir temperature and 
that the relationship between crude oil properties and the CSE requires more investigation. 
 
Introduction 
The modification of injection brine ionic composition is well documented to cause improvements in waterflood oil recovery. 
For sandstones, brine modification typically involves a reduction of the total dissolved solids (TDS) to below 5,000 ppm (e.g. 
Tang and Morrow, 1997; 1999a; 1999b; Webb et al., 2005a; Lager et al., 2007). Comparatively, enhanced recovery in carbonates 
has been achieved using diluted brine with salinities ranging from 220 ppm up to 97,000 ppm TDS (e.g. Austad et al., 2011; Al-
Harrasi et al., 2012; Kasmaei and Rao, 2014) and through the alteration of the concentration levels of specific ionic species (e.g. 
Tweheyo et al., 2006; Gupta et al., 2011; Al-Attar et al., 2013).  
Improvement in oil recovery by waterflooding sandstone cores with fresh water was first reported by Martin (1959) and later 
by Bernard (1967). Research in this low salinity effect (LSE) in sandstones took off in the 1990s beginning with laboratory 
experiments (e.g. Jadhunandan and Morrow, 1995; Yildiz and Morrow, 1996; Tang and Morrow, 1997; 1999a; 1999b; Webb et 
al., 2005a; Lager et al., 2008a) and quickly progressed to field trials at well level and reservoir scale (e.g. Webb et al., 2004; 
McGuire et al., 2005; Lager et al., 2008b; Seccombe et al., 2008; 2010). Bagci et al. (2001) were the first to report increased oil 
recoveries in carbonates by reducing the ionic strength of injection brine in coreflooding experiments but despite this finding, 
the general belief that the LSE does not occur in carbonates persisted for a decade (e.g. Alotaibi and Nasr-El-Din, 2009; Ligthelm 
et al., 2009; RezeaiDoust et al., 2009). Meanwhile, the exceptional recovery performance of seawater injection into the highly 
fractured Ekofisk chalk formation prompted Austad and co-workers to initiate a series of studies on chalk-seawater interaction 
and the impact on recovery; investigations mainly focused on spontaneous imbibition (SI) of seawater brines into chalk outcrop 
cores (e.g. Standnes and Austad, 2000; Strand et al., 2003; 2006; Høgnesen et al., 2005; Tweheyo et al., 2006; Zhang and Austad, 
2006; Zhang et al., 2006; 2007; Austad et al., 2008) with some coreflooding experiments (e.g. Strand et al., 2008b; Puntervold 
et al., 2009; Fathi et al., 2010). 
In recent years a growing number of studies have demonstrated incremental oil production in coreflood and SI experiments 
on chalk, dolomite, and limestone outcrop and reservoir cores either by increasing calcium (Ca2+), magnesium (Mg2+), and/or 
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sulfate ions (SO42-) or by reducing brine salinity (e.g. Figure 1a-d; Pu et al., 2010; Romanuka et al., 2012; Awolayo et al., 2014). 
Observations of this controlled salinity effect (CSE) in carbonates extends to field trials; Yousef et al. (2012c) conducted single 
well chemical tracer test on two carbonate reservoir wells with diluted seawater and achieved a reduction of 7 saturation units 
of residual oil for each well compared to conventional seawater injection. Despite the successful deployment of controlled 
salinity brine, there have also been several coreflood and SI experiments where the CSE was not observed (e.g. Figure 1e; 
Alotaibi et al., 2010; Romanuka et al., 2012). Experimental observations of the CSE or its absence cannot be properly explained 
because of the lack of understanding of the underlying mechanism(s). 
 
 
(a)  
 
(b) 
 
(c)  
 
(d)  
 
(e)  
 
Figure 1. Examples of (a,b,c,d) successful and (e) unsuccessful 
controlled salinity experiments in carbonates. (a) in secondary mode 
and (b,c,d,e) in tertiary mode. (a,b,e) coreflooding and (c,d) SI 
experiments. (a) after Kasmaei and Rao (2014): see Appendix B for 
details; (b) after Zhang and Sarma (2012): see Appendix B, core SA4 
for details; (c) after Al-Harrasi et al. (2012): see Appendix C, core 301 
for details; (d) after Tweheyo et al. (2006). Imbibing brines were 
seawater with varying SO4
2- concentrations (0S, 1S, 2S, or 4S) and no 
Ca2+ and Mg2+ (0CaMg). Ca2+ or Mg2+ were added at a later time. See 
Appendix C cores 21 to 24 for details; (e) after Jiang et al. (2014): see 
Appendix B, core 2 for details. Secondary mode refers to the 
introduction of controlled salinity brine into rock saturated with oil and 
connate brine of higher salinity at the irreducible saturation; tertiary 
mode refers to the introduction of controlled salinity brine into rock 
containing oil and brine of different ionic composition and/or strength 
which has been used to displace the oil in a preceding waterflood. 
 
This review aims to collect and summarize available data, and facilitate cross-comparison. The objectives of this review are: 
(1) to summarize evidence supporting the CSE in carbonates, (2) to identify mechanisms that have been proposed for the CSE, 
and the supporting and contradicting evidence for each key mechanism, (3) to highlight key issues to be resolved for proper 
explanation of the CSE and how to resolve them, (4) to perform a comparative study between sandstones and carbonates to 
identify similarities and differences in underlying mechanism(s) for the CSE, and (5) perform multivariate and univariate 
regression analyses on the coreflooding dataset collected in (1) to determine initial and/or flooding conditions that may be 
significant in causing the CSE in carbonates. Items (1) to (3) will focus on carbonates and item (4) will incorporate discussions 
from the preceding paper on sandstones (Jackson et al., unpublished) for a comparative study with carbonates.  
 
Evidence to support the controlled salinity effect in carbonates 
The CSE macroscopically manifests as an increase in oil recovery when brine with reduced ionic strength or increased Ca2+, 
Mg2+, and/or SO42- is used in secondary or tertiary mode waterflooding or imbibition on carbonate rocks (this will be developed 
Seawater with 4 times sulphate 
43.6kppm TDS 
Injected volume, PV 
Seawater 
43.6kppm TDS 
Formation brine 
201kppm TDS 
Formation  
Brine (FB) 
2 times 
diluted  
FB 
100 times 
diluted  
FB 
Refreshment of  
100 times 
diluted  
FB 
Formation brine (FB) 
10 time 
diluted FB 
Formation brine (FB) 
50 times diluted FB 
FB with 2 times sulfate ions 
SW:1S0CaMg (+Mg at day 43) 
SW:0S0CaMg (+Mg at day 53) 
SW:2S0CaMg (+Ca at day 43) 
SW:4S0CaMg (+Mg at day 53) 
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in more detail in the discussion section). Carbonate reservoirs can be fractured therefore oil displacement by a reservoir 
waterflood is due to a combination of the following: viscous displacement through the matrix, capillary imbibition at the 
fracture/matrix interface, and gravity drainage (Reiss, 1980; Blunt et al., 2013). Therefore evidence supporting the CSE in 
carbonates is taken from both coreflooding and SI experiments. SI experiments also provide important evidence to quantify 
wettability changes associated with CSE.  
Bagci et al. (2001) were the first to study the effect of brine composition on waterflood oil recovery in unconsolidated 
limestone packs with medium crude from the Garzan field. The results showed increases in oil recovery with decreasing salinity 
but optimum recoveries did not correspond with the lowest ionic strength. Since early 2000, Austad and co-workers focused 
investigations on SI experiments with modified seawater brines as the imbibing fluid (e.g. Strand et al., 2003; 2006; 2008a; 
2008b; Zhang and Austad, 2006; Zhang et al., 2006; 2007; Austad et al., 2008). After these early studies, subsequent authors 
have demonstrated the CSE in secondary and tertiary mode corefloods and SI experiments on chalk, dolomite, and limestone 
outcrop and reservoir cores (see Appendix B and C for summary). Injection/imbibing brines used were either bulk diluted or 
rich in Ca2+, Mg2+, and/or SO42- (e.g. seawater). Although there are fewer studies compared to sandstones, evidence for the CSE 
in carbonates is present and numerous.  
 
Necessary conditions for the controlled salinity effect in carbonates 
RezeaiDoust et al. (2009) proposed that the following conditions are necessary for the CSE to be observed in carbonates:  
 
1. Presence of SO42- and either Ca2+/Mg2+ or both in the injection/imbibing brine; 
2. Wettability alteration towards water-wet state; 
3. High temperature (> 90oC) 
 
These conditions pertain to flooding/SI; no initial conditions have been suggested. As in the case of sandstones (Jackson et al., 
unpublished), these conditions are qualitative and do not provide quantitative values that can be used to screen reservoirs suitable 
for a controlled salinity waterflooding program or to design an injection brine that will maximize oil recovery for a given crude 
oil-brine-rock (COBR) system. However these conditions can be used as a guide to identify sufficient conditions for the CSE. 
The following sections will discuss the supporting evidence for each condition. 
 
Presence of sulfate and either calcium/magnesium or both in injection/imbibing brine 
Most injection and imbibing brines that induced the CSE contain Ca2+, Mg2+, and SO42-. However in several studies, these ions 
were selectively removed and the CSE was still observed thus the condition is not necessary. Gupta et al. (2011) replaced SO42- 
in seawater with borate and phosphate ions and yielded increased oil production in tertiary mode corefloods for both cases. The 
CSE was also observed in other tertiary mode corefloods with the use of seawater brine without sulfate and formation brine 
without Ca2+ and Mg2+ (Gupta et al., 2011). For secondary mode corefloods, Al-Attar et al. (2013) injected distilled water and 
yielded an additional 11.6% oil recovery compared to formation brine injection. In tertiary mode SI experiments, improved oil 
recovery was observed for imbibing brines without SO42- or all three multivalent ions (Romanuka et al., 2012). 
 
Wettability alteration and temperature effects 
Most carbonate reservoirs are classified as intermediate- to oil-wet (Treiber et al., 1972; Chilingar and Yen, 1983). Oil wetness 
is suggested to occur due to the following mechanisms (Buckley et al., 1998; Legens et al., 1999): (1) prior to a hydrocarbon 
charging event, the brine-mineral interface is positively charged due to a large concentration of Ca2+ present in the formation 
brine. Dissociation of carboxylic acids in the crude oil results in a negatively charge oil-water film. Van de Waals and attractive 
electrostatic forces between the rock-brine and brine-crude interfaces destabilizes the water film thus enabling polar oil 
compounds to adsorb directly to the calcite surface; (2) surface precipitation of asphaltenes depending on solvent properties of 
oil. Restored carbonate rock samples used in coreflood experiments in which the CSE was observed ranged from intermediate-
wet to strongly oil-wet (e.g. Yousef et al., 2011; 2012a; Kasmaei and Rao, 2014). The spontaneous imbibition of controlled 
salinity brine in SI experiments indicates that aged cores are not oil-wet (e.g. Ferno et al., 2006). 
SI experiments show that wettability modification towards more water-wetting conditions is accompanied by higher 
imbibition rates and improved oil recoveries as controlled salinity brine is introduced (e.g. Figure 2a). Capillary pressure 
measurements show that sulfate rich seawater was able to increase the water-wetting state of an aged reservoir chalk core 
compared to formation brine without SO42-, and achieve lower residual oil saturations (Figure 2b; Webb et al., 2005b). For 
corefloods, controlled salinity brines that induced the CSE on initially intermediate- or oil-wet carbonates also increased water-
wetness (e.g. Figure 2c,d; Yousef et al., 2012b; Zhang and Sarma, 2012; Chandrasekhar and Mohanty, 2013; Awolayo et al., 
2014; Kasmaei and Rao, 2014). However in several coreflood experiments on water-wet carbonate core samples, the CSE was 
observed but water-wetness did not increase (e.g. Figure 2e; Zahid et al., 2010).  
Several studies have shown that Ca2+, Mg2+, and SO42- which are commonly found in injection/imbibing brines that induce 
the CSE can increase water-wetness of calcite surface. Atomic force microscopy (AFM) measurements showed reduced adhesion 
of model oil to calcite surfaces in the presence of Mg2+ and SO42- (Karoussi and Hamouda, 2008b). Rezaei Gomari et al. (2006b) 
found that SO42- has the ability to displace adsorbed carboxylate ions from calcite surface using thermo-gravimetric and water 
vapor adsorption isotherm techniques. Wettability test based on chromatographic adsorption studies show increased water-
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wetness in chalk cores using synthetic seawater enriched with Ca2+ (Strand et al., 2006) and SO42- (Fathi et al., 2011). Contact 
angle measurements show that increased concentrations of Mg2+ or SO42- in brine yielded smaller contact angles (Zhang and 
Austad, 2005b; Rezaei Gomari et al., 2006a; 2006c), and for same ion concentration level Mg2+ was consistently observed to 
convert calcite surface to a more water-wetting state compared to SO42- (Rezaei Gomari et al., 2006c; Karoussi and Hamouda, 
2007; 2008a; 2008b).  
 
 
(a) 
 
(b) 
 
(c) 
 
 
(d)  
 
 
 
 
(e) 
Figure 2. Evidence for wettability alteration as necessary condition for the 
CSE. (a) Secondary mode SI experiments on aged chalk cores (Ferno et al., 
2011); (b) Capillary pressure measurements on Vahall reservoir chalk cores 
at reservoir conditions (Webb et al., 2005b); (c) Decreasing contact angle 
measured at reservoir conditions with progressively diluted seawater brines 
and live oil on carbonate reservoir samples. The same brines induced the CSE 
in tertiary mode corefloods (Yousef et al., 2011); (d) COBR contact angle 
reduction for controlled salinity brines compared to formation brine. The same 
brines yielded significant incremental oil recoveries in secondary mode 
corefloods (see Figure 1a). After Kasmaei and Rao (2014); (e) COBR contact 
angle showing increased oil-wetness with the use of controlled salinity brines 
compared to formation brine; cores were strongly water-wet initially. The same 
brines induced the CSE in secondary mode corefloods on cores from the 
same limestone reservoir; incremental recoveries are reported in 
parentheses. SIM and UER are the injection brines used to waterflood the 
limestone reservoir; SIM is also the formation brine. After Al-Attar et al. (2013). 
 
The CSE in carbonates have been observed on numerous occasions at temperatures below 90oC in both coreflood (e.g. 
Kasmaei and Rao, 2014; Yousef et al., 2012a) and SI experiments (e.g. Puntervold et al., 2007a; Al-Harrasi et al., 2012) thus 
high temperature is not a necessary condition for the CSE to occur. However as temperature increased, secondary and tertiary 
mode SI recoveries improved significantly (e.g. Tweheyo et al., 2006; Zhang and Austad, 2006; Ferno et al., 2011) but coreflood 
recoveries had a mixed response; some tertiary mode corefloods showed no change or slight increase in recovery (e.g. Zahid et 
al., 2012b) while secondary mode corefloods performed poorer (e.g. Zahid et al., 2012a) or had no clear trend (e.g. Zahid et al., 
2010). Furthermore, a reversal of wettability towards a more water-wetting state is known to occur in carbonates as temperature 
increases (e.g. Hjelmeland and Larrondo, 1986; Lichaa et al., 1992; Al-Hadhrami and Blunt, 2001; Hamouda and Rezaei Gomari, 
2006). Yu et al. (2007) observed contact angle shifting from intermediate-wet to water-wet as temperature increased from 20 oC 
to 130oC with use of seawater and seawater spiked with four times more SO42-. 
Coreflood oil recovery is better for mixed-wet core samples compare to water-wet cores because the former have higher 
water end point relative permeability and a long region of low oil relative permeability while more residual oil remains trapped 
by snap off in the latter (Salathiel, 1973; Li, 2011; Gharbi and Blunt, 2012). Optimum waterflood recovery was predicted for 
mixed-wet carbonates with a high fraction (c. 75%) of oil-wet pores (Gharbi and Blunt, 2012). Thus for an initially intermediate- 
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or oil-wet rock, wettability shift towards more water-wetting conditions during controlled salinity waterflooding should not 
cause an improvement in recovery. Increased water-wetness is a consequence of the underlying mechanism(s) of the CSE, and 
not the mechanism itself (e.g. Suijkerbuijk et al., 2013). Vo et al. (2012) stated that wettability alteration is a proximate cause of 
incremental recovery and not the ultimate cause. A discussion of the proposed mechanisms underlying the CSE and their 
association with wettability alteration is detailed in the next section. 
 
Summary 
Available evidence indicates that the presence of SO42- and either Ca2+/Mg2+ or both in injection/imbibing fluids is not necessary 
for the CSE to occur in carbonates. Most published data suggests that the CSE is associated with a wettability shift towards an 
increased water-wetting state for initially intermediate- to oil-wet carbonates. However in several coreflooding experiments on 
initially water-wet rocks, the CSE was observed but water-wetness did not increase. High temperature (> 90oC) is not a necessary 
condition for the CSE but increasing temperature strengthened the magnitude of the CSE response especially in SI experiments. 
 
Proposed mechanism for the controlled salinity effect in carbonates 
Multi-ion exchange in carbonates (MIE-C) 
Mechanism: Austad and co-workers proposed the adsorption of 
negatively charged SO42- onto positively charged water-wet sites 
on chalk surface thus lowering of electrostatic repulsion between 
divalent cations and mineral surface. SO42- adsorption facilitates 
free Ca2+ to be adsorbed and in turn reacts and releases negatively 
charged polar oil components that are adsorbed on the mineral 
surface as a new calcium carboxylate complex (Figure 3; Strand 
et al., 2006). As temperature increases, reactivity increases and 
Mg2+ initially hydrated at low temperatures become dehydrated 
and reactive (Strand et al., 2006; Zhang et al., 2006; RezeaiDoust 
et al., 2009). At high temperatures (> 90oC) Mg2+ is suggested to 
replace Ca2+ as the active cation species that displaces Ca2+ at the 
calcite surface bonded to carboxylic groups (Figure 3; Zhang et 
al., 2007). The following reaction describes the ion exchange 
process (RezaeiDoust et al., 2009): 
RCOO––Ca–CaCO3(s) + M2+ + SO42-  ⟶  RCOO–Ca+ + M–CaCO3(s) + SO42-   [1] 
where M is calcium or magnesium. Mineral surface becomes water-wet as acidic carboxylic material is released. Multivalent 
cation exchange is also a suggested mechanism for sandstones (Lager et al., 2008a). 
Supporting evidence: Austad and co-workers provided supporting evidence for the MIE mechanism mainly from SI 
experiments on Stevns Klint outcrop chalk and some reservoir limestone core samples. Increased recovery was reported as 
concentrations of SO42- (e.g. Høgnesen et al., 2005) and Ca2+ in the imbibing fluid were increased (e.g. Figure 4a; Zhang et al., 
2006), but at high temperatures (130oC) increasing Ca2+ had little effect (e.g. Tweheyo et al., 2006); in line with the theory. 
Above 90oC, magnesium enriched imbibing fluids yielded significant increase in recovery, and oil production further increased 
as temperature increased (e.g. Figure 1d; Figure 4a; Tweheyo et al., 2006). Ferno et al. (2011) conducted numerous secondary 
mode SI experiments on three different chalk types and observed increased recovery with increased SO42- concentration in 
imbibing brine but this response was mild for Niobrara and Rørdal chalks (Figure 4b). Coreflooding with sulfate rich brines 
gave improved oil recoveries for chalks (e.g. Fathi et al., 2010; Zahid et al., 2012b), dolomites (e.g. Figure 1a; Gupta et al., 
2011), and limestones (e.g. Figure 1b; Chandrasekhar and Mohanty, 2013). 
In absence of SO42- in imbibing or injection brine, anhydrite dissolution is suggested to provide the sulfate catalyst required 
to induce the MIE-C mechanism (e.g. Shariatpanahi et al., 2010; 2011; Austad et al., 2011). Fathi et al. (2010); (2011) observed 
improved SI performance by reducing NaCl concentration in imbibing seawater brines and suggested that the reduction of 
sodium and chloride ions in the electrical double layer allowed Ca2+, Mg2+, and SO42- to have better access to calcite surface. 
Chandrasekhar and Mohanty (2013) observed pH increase in coreflood effluent and suggested that the pairing of divalent cations 
with carboxylic material leaves excess anions in solution to complex with free H+ ions thus causing an increase of OH- ions. 
Zeta potential measurements indicate that Ca2+, Mg2+, and SO42- are potential determining ions (PDI) that can adsorb onto calcite 
surface thus supporting the MIE-C hypothesis (Figure 4c; Pierre et al., 1990; Zhang et al., 2007). Competitive adsorption of Ca2+ 
and Mg2+ on chalk surface in chromatographic adsorption studies show that more Ca2+ adsorbs to calcite at room temperature 
while Mg2+ is dominant at 130oC thus supporting the MIE-C hypothesis regarding the dependence of cation reactivity on 
temperature (Zhang et al., 2007). 
Based on field observations of decreased Mg2+ and increased Ca2+ concentration of produced water compared to injected 
seawater (Petrovich and Hamouda, 1998), Zhang et al. (2007) hypothesized that at high temperature (> 90oC) aqueous Mg2+ 
displaces Ca2+ in the chalk mineral that are attached to carboxylic acids; i.e. the MIE-C mechanism at high temperatures. This 
hypothesis is evidenced by effluent brine analysis of single phase seawater coreflood on limestone cores; a decrease in eluted 
Mg2+ and equal increase in Ca2+ (i.e. 1:1 substitution trend) was observed to occur above 90oC, and the substitution magnitude 
increases with temperature (e.g. Figure 4d; Strand et al., 2008a; Shariatpanahi et al., 2010). 
 
Figure 3. Schematic of the multi-ion exchange in carbonates as a 
mechanism for the CSE (Zhang et al., 2007) 
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(a)  
 
(b)  
 
(c)  
 
(d)  
 
Figure 4. Supporting evidence for the MIE-C mechanism. (a) after Zhang et al. (2007): see Appendix C cores Ca-2 and Mg-2 for details; (b) 
Results of 48 secondary mode SI experiments from three types of outcrop chalks (Stevns Klint, Niobrara, and Rørdal) at 20oC and 130oC. Initial 
fluid was sulfate free formation brine and imbibing fluids were seawater without SO4
2- (SW0S) or four times SO4
2- (SW4S; 0.094 mol/L SO4
2-). 
After Ferno et al. (2011): see Appendix C cores SR1 to NR22 for details; (c) Zeta potential measurements on aqueous chalk suspension system 
indicates calcite surface charge is sensitive to the presence of these PDIs (Austad et al., 2008); (d) PDI concentration of effluent brine compared 
to injected seawater brine (SW) for single phase coreflood at 130oC (Strand et al., 2008a). 
 
Contrary evidence: Madland et al. (2011) disputes the hypothesis that aqueous Mg2+ displace Ca2+ in mineral calcite and 
suggested that an alternative process leads to the observed 1:1 substitution trend in brine effluent studies; simultaneous 
precipitation of magnesium-bearing minerals and calcite dissolution. This claim was substantiated by evidence; 1:1 substitution 
trend was observed in the effluent of single phase coreflood with MgCl2 brine conducted at 130oC but scanning electron 
microscopy (SEM)  micrographs showed that magnesium-bearing carbonates and silicates precipitated on the chalk surface (e.g. 
Figure 5). Further data suggested that precipitated minerals acquired magnesium from the brine while rock matrix dissolved to 
provide silicates, calcium, and carbonate (Madland et al., 2011). Ashan and Fabricus (2010) flowed MgCl2 brine across calcite 
surface and observed the same 1:1 substitution trend in brine effluent analysis but confirmed by x-ray diffraction (XRD) that 
this was due to calcite dissolution with an equal amount magnesium precipitated on calcite surface. Furthermore, several studies 
have observed the CSE by coreflooding with seawater above 90oC but corresponding brine effluent do not show the 1:1 
substitution trend (e.g. Vo et al., 2012; Chandrasekhar and Mohanty, 2013).  
 
 
 
Figure 5. SEM micrographs of Liège chalk outcrop core after single phase corefloods. Clean calcite surface after flooding with distilled water (left); 
surface covered with carbonate-like aggregates (center) and clay-like silicate mineral (right) after flooding with 0.11 mol/L MgCl2. Unpublished 
SEM and XRD data, and equilibrium calculations suggests that carbonates were huntite (CaMg(CO3)4) and/or magnesite (MgCO3). After Madland 
et al. (2011). 
 
The available evidence indicates that meeting conditions proposed to facilitate the MIE-C mechanism is not sufficient to 
SW0Ca0Mg 
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B. 
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activate it. For example, increasing SO42- did not lead to incremental oil production in tertiary mode SI and coreflood experiments 
(e.g. Zahid et al., 2012a; Romanuka et al., 2012). Zahid et al. (2012b) reported no additional recovery by increasing coreflood 
temperature from 40 to 120oC using sulfate enriched seawater (i.e. all PDIs present) on reservoir chalk core. In several SI 
experiments on limestones the removal of NaCl salt from seawater yielded no additional oil production (e.g. Shariatpanahi et 
al., 2010; Romanuka et al., 2012). Furthermore, the CSE was observed for injection and imbibing brines without Ca2+ and Mg2+, 
SO42-, or all three PDIs (Gupta et al., 2011; Al-Attar et al., 2012; Romanuka et al., 2012). 
Summary: There is a large body of evidence suggesting that MIE-C induces the CSE. However, observed patterns in brine 
effluent ionic composition that supports the MIE-C hypothesis can be explained by an alternative theory and this 1:1 substitution 
trend in brine effluent was never observed for corefloods where the CSE was induced. Moreover, the mechanism does not 
explain the coreflooding and SI experiments where conditions for MIE-C were met but the CSE was not observed or the 
occurrence of the CSE without meeting conditions required for the MIE-C mechanism. 
 
Rock dissolution 
Mechanism: Rock minerals are initially in equilibrium with the formation brine 
and injecting diluted brines creates ion concentration gradients that are suggested 
to trigger mineral dissolution in order to maintain chemical equilibrium (Pu et al., 
2010; Vo et al., 2012). An alternative hypothesis discussed earlier pertain to 
precipitation-dissolution processes; minerals such as huntite (MgCa(CO3)4), 
magnesite (MgCO3), and anhydrite (CaSO4) precipitate as magnesium- and/or 
sulfate-rich brine (e.g. seawater) is injected and calcite mineral dissolves to 
balance the aqueous concentrations of calcium and carbonate ions (Hiorth et al., 
2010; Madland et al., 2011). Any polar oil compounds adsorbed on the dissolved 
mineral surface is released and exposing a water-wet surface (Figure 6). Oil 
recovery improves as dissolution increases pore system connectivity between 
macro- and micro-pores (Yousef et al., 2011).  
Supporting evidence: In coreflood experiments on limestone and dolomite 
core samples, the CSE was observed as bulk diluted brines were injected and brine 
effluent analysis showed the elution of Ca2+ and/or SO42- above injected levels 
which suggests calcite/anhydrite dissolution occurred (Pu et al., 2010; Austad et al., 2011; Chandrasekhar and Mohanty, 2013). 
Yousef et al. (2011); (2012a) observed the CSE by injecting diluted seawater into carbonate reservoir cores and inferred that 
anhydrite dissolution occurred based on post-flood nuclear magnetic resonance (NMR) and brine effluent analysis. For several 
secondary and tertiary mode coreflooding experiments, improved recoveries have been observed as Ca2+ concentration levels in 
injection brine were reduced (e.g. Zhang and Sarma, 2012; Sharifi and Shaikh, 2013; Al-Attar et al., 2013). In SI experiments 
on dolomites, Romanuka et al. (2012) detected increased Ca2+ and SO42- in the surrounding brine compared to the initial imbibing 
brine and suggested that anhydrite dissolution accompanied the observed increase in oil recovery. Improvements in SI 
performance from the use of diluted brines have also been observed for limestones (e.g. Figure 1c; Romanuka et al., 2012).  
Evidence for the precipitation-dissolution hypothesis was discussed earlier; injecting magnesium-rich brines (seawater levels 
or greater) led to the precipitation of magnesium-bearing minerals and calcite dissolution (Ashan and Fabricus, 2010; Madland 
et al., 2011). Additionally, single phase coreflood with seawater (sulfate- and magnesium-rich) led to the precipitation of 
anhydrite and similar magnesium-bearing minerals, and calcite dissolution (Madland et al., 2011). Awolayo et al. (2014) injected 
sulfate enriched seawater brines into carbonate cores and observed the CSE and a rise in Ca2+ in effluent brine. Introducing 
magnesium- and/or sulfate-rich brines was observed to induce incremental oil production in numerous other corefloods (e.g. 
Figure 1b; Strand et al., 2008b; Fathi et al., 2010) and SI experiments (e.g. Puntervold et al., 2007a; 2007b; Romanuka et al., 
2012). Hiorth et al. (2010) and Zaretskiy (2012) performed numerical modelling on published coreflood and SI data and the 
results support a rock dissolution hypothesis due to mineral precipitation.  
Contrary evidence: Jiang et al. (2014) coreflooded dolomite core samples with diluted 
formation brine but did not yield incremental oil production even though brine effluent showed 
the elution of Ca2+ above injected concentration levels which indicates that dissolution may have 
occurred. Zahid et al. (2012a) observed a similar pattern of increase in Ca2+ and insignificant 
increase in oil recoveries as diluted seawater brines were injected into chalk outcrop cores. In 
several corefloods and SI experiments on chalks and dolomites, no additional oil was recovered 
when injection/imbibing brine either bulk diluted or with reduced Ca2+ concentration was used 
(e.g. Alotaibi et al., 2010; Fathi et al., 2010; Pu et al., 2010; Gupta et al., 2011). Conversely, 
dolomite and limestone corefloods yielded increased oil recovery but Ca2+ and Mg2+ in the 
effluent brine was the same as the injected seawater brines (Gupta et al., 2011; Vo et al., 2012). 
SI performance on Stevns Klint outcrop chalks improved as Ca2+ concentration in imbibing brine 
increased (e.g. Figure 4a; Tweheyo et al., 2006; Zhang et al., 2006). These evidences suggest that 
rock dissolution is not always associated with the CSE. In chalk weakening studies it was 
suggested that introduction of seawater disturbs the formation brine-rock equilibrium and 
dissolution is hypothesized to occur only at water-wet sites and (Figure 7; Heggheim et al., 2005; 
 
Figure 7. Schematic of 
preferential rock dissolution at 
water-wet sites suggested in 
chalk weakening studies 
(Strand et al., 2007) 
 
Figure 6. Schematic of the proposed rock 
dissolution mechanism (Hiorth et al., 2010) 
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Strand et al., 2007). Chandrasekhar and Mohanty (2013) suggested that the CSE due to mineral dissolution may not occur at 
reservoir-scale because dissolution stops as diluted waterflood brine quickly becomes saturated with dissolved calcite.  
Summary: Available evidence suggests that rock dissolution does cause improved oil recovery but the CSE can occur without 
rock dissolution and vice-versa. More data is required to determine the link between rock dissolution by mineral precipitation 
and the CSE. Currently no model quantitatively predicts the brine composition required to cause rock dissolution and the 
associated CSE.  
 
Mineral fines migration 
Mechanism: Based on the fines migration theory for sandstones (Bernard, 1967; Tang and Morrow, 1999a), Zhang and Sarma 
(2012) suggested a similar mechanism for carbonates. Mineral fines flow along establish flow paths and plug pore throats leading 
to the establishment of new flow channels in un-swept zones thus improving microscopic sweep efficiency and oil recovery with 
increase in pressure drop. The absence of fines production is suggested to be due to fines changing locations within the pore 
network and forming lamella. Mineral particles is suggested to originate from the precipitation of ions saturated in brine and/or 
detachment of mineral from the bulk mineral (Hiorth et al., 2010; Vo et al., 2012; Hamouda et al., 2014). 
Supporting evidence: Zahid et al. (2012a) coreflooded a limestone sample and observed increased oil recovery with increased 
pressure drop at constant rate indicating possible mineral fines migration contributing to the CSE but no fines were produced. 
Hamouda et al. (2014) coreflooded chalk with low salinity water and observed increased oil recovery accompanied by fines 
production and emulsion formation, however pressure drop decreased for the same injection rate. Karoussi and Hamouda (2007); 
(2008a) calculated interaction potential (sum of London van der Waals attraction, double layer and Born repulsion) based on the 
DLVO theory and suggested that fines detachment can occur in the presence of Mg2+ at temperatures above 45oC. 
Contrary evidence: Most studies observed the CSE without fines production and no increase in pressure drop at constant rate 
(e.g. Awolayo et al., 2014; Al-Harrasi et al., 2012). Furthermore, solubility studies are normally performed to avoid mineral 
precipitation (e.g. Puntervold and Austad, 2008; Ligthelm et al., 2009; Vo et al., 2012; Awolayo et al., 2014). Mineral 
precipitation is observed to impede flow and reduce permeability leading to reduced oil production (Fathi et al., 2011; Madland 
et al., 2011). 
Summary: Mineral fines migration may have caused the CSE in some corefloods but it is not conditional on this mechanism. 
 
Double layer expansion (DLE) 
Mechanism: At high ionic strengths typical of formation brines, counterions are compacted in the diffuse layer by the high 
concentration of ions and its thickness is reduced. Introduction of low ionic strength brine induces a diffusive gradient between 
the compacted counterions in the diffuse layer and bulk electrolyte causing the electric double layer to expand. As the double 
layer expands, binding forces of the bridging multivalent metal cations may be exceed by the repulsive forces of the negatively 
charged oil and mineral surface causing polar oil components to desorb and expose a water-wet surface (Ligthelm et al., 2009). 
DLE manifests as an increase in zeta potential which is the electrical potential at the shear plane (i.e. the closest plane to the 
mineral surface residing within the diffuse layer where ions are mobile). The DLE mechanism for sandstones operates in the 
same way. 
Supporting evidence: Studies measuring zeta potential of carbonate rock particles observed increasing magnitude as brine 
ionic strength is decreased indicating DLE; observations were made at low to moderate ionic strengths and away from isoelectric 
points (e.g. Figure 8a-d; Alotaibi et al., 2011a; 2011b; Yousef et al., 2012a). This trend is found to be relevant at elevated 
temperatures (e.g. Figure 8c; Yousef et al., 2012a; Alotaibi et al., 2011a). Alotaibi et al. (2011b) simulated reservoir intermediate-
wetting state by mixing oil-wet and water-wet limestone particles with brine and found that zeta potential were less negative 
than those for oil-wet particles in the same brine, and zeta potential magnitude increased with ionic strength reduction for both 
wetting states. Most studies measure zeta potential for a two phase system (brine-particle), Alotaibi et al. (2011b) observed the 
zeta potential increase as ionic strength decreases in three phase systems (crude oil-brine-limestone particle). These evidences 
show that DLE can occur under conditions relevant for observing the CSE.  
Contrary evidence: Carbonate mineral surface in the reservoir are generally believed to be positively charged at typical 
reservoir pH (< 9.5) and electrostatically attracts oil particles of opposite charge to adsorb on its surface therefore the DLE 
mechanism is suggested to be irrelevant for carbonates (Anderson, 1986; Ligthelm et al., 2009). However, surface charge of 
carbonate particles have been found to be both positive and negative depending on the brine ionic composition and rock mineral 
content (Anderson, 1986; Vdović and Bišćan, 1998; Guichet et al., 2006; Rodríguez and Araujo, 2006). Zeta potential 
measurements indicate that brine with reduced Ca2+ and Mg2+ concentrations or increased SO42- concentrations rendered a more 
negative carbonate surface (Figure 4c). Furthermore, quartz (SiO2) which is known to give sandstones a negatively charged 
surface was found to be present in both outcrop and reservoir carbonates cores (e.g. Strand et al., 2007; Chen et al., 2014). The 
DLE theory cannot explain observations of improved oil recovery resulting from an increase in ionic strength as Ca2+, Mg2+, 
and/or SO42- concentrations were increased (e.g. Zhang et al., 2007; Awolayo et al., 2014) or the absence of the CSE in 
experiments where brine ionic strength was reduced (e.g. Fathi et al., 2010; Jiang et al., 2014).  
Summary: The DLE mechanism requires an initially negatively charged surface to facilitate cation bridging with negatively 
charged polar oil compounds but carbonate surfaces are generally believed to be positively charged at reservoir conditions. 
Evidence suggest that DLE occurs under conditions relevant to the CSE but more data is required to determine whether DLE 
can act as a mechanism underlying the CSE. 
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(a) 
 
(b)  
 
(c)  
 
(d) 
Figure 8. Examples of zeta potential measurements as function of brine ionic strength and pH. (a) Zeta potential as a function of brine 
concentration for limestone particles (TP) from crushed reservoir core in various brine compositions at pH 8 (Chen et al., 2014); (b) Zeta potential 
and decreasing formation water salinity (4 mol/L) for four limestone particles from the same reservoir at pH 8. Mineral content varies significantly 
between each limestone sample: calcite (47-98%), ankerite (4-14%), quartz (1-19%), and clay (1-9%). See Chen et al. (2014) for details; (c) Zeta 
potential of diluted brines. The same brines were used for tertiary mode corefloods on carbonate reservoir cores and yielded improved oil recovery 
(Yousef et al., 2012a); (d) Jackson and Vinogradov (2012) measured zeta potential of intact carbonate samples in water-wet and mixed-wet state 
and compared results with previously published powdered sample in various aqueous solutions (data points and line) at low ionic strengths (< 0.5 
mol/L). Shaded gray area corresponds to model predicted zeta potential values. See Jackson and Vinogradov (2012) for full description of dataset. 
 
Change in heavy oil molecule shape  
Mechanism: Zahid et al. (2012c) suggested that heavy crude oil component (e.g. aromatics, asphaltenes, and resins) are polymers 
with negatively charged segments and these segments repel each other thus stretching the molecule. Strong interaction forces 
between molecules are suggested to cause an increase in crude oil viscosity. Ca2+, Mg2+, and/or SO42- from injected brines are 
suggested to neutralize the negatively charged segment causing the polymers to coil and shield the strong interactive forces 
between molecules leading to viscosity reduction. 
Supporting evidence: Zahid et al. (2012c) mixed various crude oil-brine systems at elevated pressures and temperatures (up 
to 110oC, 300bars) and left them to equilibrate before viscosity measurement. High asphaltene crude oil (3.43%) recorded 
viscosity decrease (21.5 to 16.4cp) as brine SO42- concentration was increased (0 to 0.072mol/L). For the same brines, no oil 
viscosity reduction was observed for low asphaltene crude (0.3%). The brines also showed a consistent decrease in pH which 
was suggested to be due to the washing of acidic crude oil components into the brine. Emulsion phase was formed for the low 
asphaltene crude under high temperature and pressure in sulfate enriched brines but not for the high asphaltene crude. 
Summary: Further testing is required to determine the link with the CSE. 
 
Discussion  
Necessary conditions and mechanisms 
The underlying cause(s) of the CSE in carbonates has yet to be identified but likely mechanisms include MIE-C and rock 
dissolution. These mechanisms suggest that improvements in oil recovery and the alteration of wettability towards a more water-
wetting state are due to the desorption of oil compounds from mineral surface. The DLE mechanism is conditional on an initially 
negatively charged carbonate surface and mineral fines migration is conditional on mineral precipitation or detachment while a 
reduction in oil viscosity due to the change in shape of oil polymers lacks evidence to confirm causation of the CSE. Mechanisms 
may be acting individually or in combination depending on the COBR system properties and flooding/imbibing parameters (e.g. 
Romanuka et al., 2012; Suijkerbuijk et al., 2012; Zahid et al., 2012c; Zaretskiy, 2012). A mechanism should be able to explain 
and predict whether the CSE will be observed and the accompanying side-effects for a given set of conditions. None of the 
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current proposed mechanisms are able to explain the absence of the CSE in several SI and coreflooding experiments, the 
occurrence of the CSE without water-wetness increasing, the variation of the CSE response for different carbonate rock types 
(discussed next), the differences in response to temperature rise between coreflood and SI experiments, and observed crude oil-
brine interactions such as emulsion formation and interfacial tension (IFT) changes with salinity (e.g. Okasha and Al-Shiwaish, 
2009). 
The main mechanisms are associated with two flooding/imbibing conditions as follows: increasing brine Ca2+, Mg2+, and /or 
SO42- concentrations corresponds to rock dissolution by mineral precipitation and MIE-C, and reducing ionic strength 
corresponds to rock dissolution. Available evidence suggests that increasing any of Ca2+/Mg2+/SO42- in the imbibing brine, 
especially SO42-, improves oil recovery in majority of SI experiments (e.g. Figure 1d; Figure 4a,b); only four were unsuccessful 
(see Appendix C Puntervold et al., 2007a core 10; Romanuka et al., 2012 cores Lim1.2 and 1.3; Strand et al., 2008a core S28A). 
In many of these experiments where improved SI performance was observed by increasing multivalent ions in the imbibing 
brine, ionic strength was also increased. However in several studies, it was demonstrated that additional oil was produced by 
increasing Ca2+ or SO42- whilst maintaining the imbibing brine ionic strength (Tweheyo et al., 2006; Strand et al., 2006a; 2008a; 
Puntervold et al., 2007; Zhang and Austad, 2006). For corefloods, increasing SO42- concentration in injection brine, accompanied 
by an increase in the ionic strength, always yielded additional oil production (e.g. Figure 1a,b). Reducing ionic strength by bulk 
diluting imbibing brines does not consistently cause the CSE in SI experiments (e.g. successful: Figure 1c; Romanuka et al., 
2012; Zhang and Sarma, 2012; unsuccessful: Pu et al., 2010; Jiang et al., 2014). For corefloods, the use of bulk diluted injection 
brines has consistently induced the CSE in limestones (e.g. Figure 1a; Austad et al., 2011; Zhang and Sarma 2012; Sharifi and 
Shaikh, 2013) but yielded no response from chalks (e.g. Fathi et al., 2010; Hamouda et al., 2014), and mixed results for dolomites 
(e.g. successful: Pu et al., 2010; unsuccessful: Figure 1e; Alotaibi et al., 2010). Therefore reducing injection/imbibing brine ionic 
strength by bulk dilution does cause incremental oil production but the CSE is much more consistently induced by increasing 
Ca2+, Mg2+, and/or SO42- concentrations for both SI and coreflooding experiments (see also Appendix B and C). These suggested 
conditions provide a comparison but are neither necessary nor sufficient for the CSE in carbonates to occur.  
 
Integrated experimental measurements and computational modelling 
Results from many studies cannot be cross-compared as data collection is not comprehensive (see Appendix B and C). 
Furthermore, many experiments are not well designed thus the underlying mechanism(s) cannot be properly determined. For 
example, in tertiary mode experiments, injecting seawater after a formation brine flood causes a reduction in ionic strength and 
Ca2+ concentrations but an increase in SO42- and Mg2+ that may activate MIE-C, rock dissolution, and DLE thus making it 
challenging to identify the underlying mechanisms that may have caused the CSE. Anhydrite dissolution can be interpreted as 
supporting evidence for both the MIE-C and rock dissolution mechanisms. Thus current approaches to understand underlying 
CSE mechanisms can be improved by carefully varying COBR system and coreflood/imbibition parameters and capturing the 
signature set of responses from a wide range of well-designed experiments, and reporting these experimental results and a broad 
range of data types at initial conditions (Table 1). Such undertakings would help to: (1) isolate and identify individual 
mechanisms, (2) avoid missing data that may be important, (3) facilitate cross-comparisons between studies, and (4) eliminate 
mechanisms. Furthermore, these integrated measurements would be more insightful when performed around a single COBR 
system than on disparate systems (Suijkerbuijk et al., 2013). 
 
Table 1. Integrated measurements and reporting to understand the CSE (modified from Jackson et al., unpublished) 
Initial Conditions SI and coreflood experiments Supplementary experiments 
 Brine composition (ionic composition and 
strength)  
 Brine pH consistent with reservoir 
conditions  
 Wettability  
 Initial water saturation  
 Mineralogy (especially composition, and 
presence / proportion / distribution of 
anhydrite)  
 Petrophysical properties 
 Temperature, pressure  
 Crude oil characterization (at least AN, 
BN, API gravity, and viscosity)  
 
 Effluent brine composition  
 Effluent brine pH  
 Effluent crude oil viscosity 
 Effluent precipitates 
 Emulsions 
 Local saturation/effect of rate for 
corefloods (capillary end effects)  
 Rate/pressure drop  
 Secondary versus tertiary injection/SI  
 
 Surface charge / zeta potential at reservoir 
conditions for tested brine compositions  
 Single phase permeability for tested brine 
compositions  
 Adsorption studies 
 Adhesion mapping 
 IFT  
 Contact angle 
 NMR 
 SEM 
 X-ray micro-tomography (micro-CT)  
 AFM 
 Digital core analysis (i.e. pore scale imaging 
and modelling) 
 
 
Surface properties are important as the underlying mechanisms for wettability alteration occurs at the carbonate mineral 
surface (Suijkerbuijk et al., 2013) and can be characterized by measurements of adsorption, adhesion, contact angle, zeta 
potential, NMR, AFM, and imaging tools such as SEM and micro-CT. Zeta potential measurements at mineral surface is of 
importance as it is able to detect changes in surface charge which is a common phenomenon to the MIE-C, rock dissolution, and 
DLE mechanisms. The relationship between zeta potential at mineral surface and these mechanisms is not well understood as 
few studies have been performed with intact core and under appropriate conditions. Imaging tools provide direct evidence for 
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the rock dissolution mechanism by enabling comparison of carbonate mineral surface before and after a controlled salinity 
waterflooding/SI experiment and the quantification of dissolved minerals which can be used to correlate a relation with amount 
of incremental oil produced (e.g. Figure 5; see Lebedeva et al., 2009 and Fogden et al., 2011 for application on sandstones). 
The anhydrite mineral usually exists in small quantities in rock samples (see Appendix B and C) and acts as a source of SO42- 
that can affect the magnitude of the CSE response (e.g. Shariatpanahi et al., 2010; 2011; Austad et al., 2011). XRD can quantify 
mineralogical composition but the technique is destructive and has a detection limit (c. 5% of sample); imaging tools are non-
destructive alternatives to confirm anhydrite presence.  
Crude oil properties especially asphaltene and resin fractions, and oil solvent ability affects the wettability alteration process 
(Buckley et al., 1998; 2002). Crude oil acid number (AN), base number (BN), and density are parameters that quantify these 
properties and the potential to alter wettability (Buckley et al., 1998). Apart from influencing the adsorption and desorption of 
polar oil compounds from mineral surface, crude oil might affect the CSE via interactions with brine. Zahid et al. (2010) obtained 
different incremental recoveries in coreflooding experiments on un-aged chalk cores (i.e. completely water-wet) saturated with 
different crude oil (see Appendix B) thus illustrating that crude oil properties can impact recovery through interaction with brine 
rather than mineral surface as wettability alteration has been excluded. In general, the relationship between crude oil properties 
and the CSE is not well understood as few studies have investigated this relationship (e.g. Standnes and Austad, 2000; Zhang 
and Austad, 2005a; Puntervold et al., 2007a; Suijkerbuijk et al., 2012); more investigations are required and a good starting point 
is to perform detailed crude oil characterization study for crudes used in experiments. 
Where necessary, measurements should be conducted at reservoir pressure and temperature involving all three elements of 
the COBR system with an intact reservoir core and preferably live fluids to ensure that experimental trends identified are 
applicable in the reservoir (Webb et al., 2005b; Fjelde and Aasen, 2009). Several experimental issues discussed in Jackson et al. 
(unpublished) for sandstones are also relevant for carbonates: capillary end effects, sample history, reporting ionic strength rather 
than in TDS, and reaction kinetics of the wettability alteration process (Loahardjo et al., 2010; Mahani et al., 2011; Winoto et 
al., 2012;  Masalmeh et al., 2014; Skauge, 2013; Suijkerbuijk et al., 2013). The cooling of brine effluent in atmospheric CO2 
may cause changes in the Ca2+ concentration levels affecting analysis results (Chandrasekhar and Mohanty, 2013). 
Computational modelling supplements experimental measurements by providing insights into the complex behavior of 
microscopic wettability alteration at pore-scale and the link with macroscopic observations of the CSE at core- and reservoir-
scale (e.g. Brady et al., 2012; Hiorth et al., 2010; Madland et al., 2011; Al-Adasani et al., 2012; Zaretskiy 2012; Al-Sofi and 
Yousef, 2013; Dang et al., 2013; Suijkerbuijk et al., 2013; Al-Shalabi et al., 2014a; 2014b). Conversely, simulation results are 
dependent on the assumptions made and their accuracy (e.g. Austad et al., 2009). Digital core analysis combines non-destructive 
imaging techniques discussed earlier and pore network modelling to quantify pore network properties (e.g. Gharbi and Blunt, 
2012; Blunt et al., 2013) that can be used to understand the pore scale interaction of capillary pressures, pore network structure, 
and wettability alteration and their relationship with the CSE (see Sorbie et al., 2010 and Sandengen et al., 2011 for application 
on sandstones). 
 
Rock heterogeneities and plug preparation 
Carbonate rocks have diverse mineralogical properties that may cause differences in the response to mechanisms underlying the 
CSE leading to a variation in the additional oil produced (e.g. Figure 4b; Zhang et al., 2007; Strand et al., 2008b; Romanuka et 
al., 2012). For example, limestones responded strongly to bulk diluted brines in coreflooding experiments but not chalks as 
discussed earlier (see also Appendix B). Therefore care should be taken when extending conclusions applicable on one rock type 
to another. Outcrop rocks are often used as reservoir rock analogues but observed differences in incremental oil recoveries under 
the same experimental conditions (e.g. Zahid et al., 2012b) indicate that the suitability of outcrop rocks as substitutes should be 
verified (Strand et al., 2007; Hjuler and Fabricius, 2009) and experimental trends determined from the use of outcrop cores 
should be confirmed with reservoir cores (Fjelde and Aasen, 2009; Ferno et al., 2011). 
Sulfate concentrations (c. 0.16 g/L) sufficient to significantly influence the CSE response have been found in outcrop cores 
and flushing with distilled water is recommended to create a sulfate-free baseline for experiments (Puntervold et al., 2007b). 
Based on a review of the depositional environmental and sedimentation process, SO42- found in reservoir cores are recommended 
to be retained if it was naturally occurring and flushed if due to contamination (Fjelde, 2008). Crude oil loses carboxylic 
components to reservoir rock after primary migration therefore in order to achieve true reservoir wetting state in outcrop and 
restored reservoir cores, it was suggested that aging is performed with a customized crude oil mix (controlled by AN/BN ratio) 
rather than reservoir crude oil (Puntervold et al., 2007a). 
 
Comparative study between sandstones and carbonates 
For sandstones and carbonates, experimental evidence indicates that controlled salinity injection/imbibing brine shifts the 
wettability of an initially mixed-wet core towards a more water-wetting state. However for both rock types similar 
counterevidences against this wettability alteration trend suggests that increased water-wetness may not be necessary for the 
LSE/CSE to occur. Reduction of brine ionic strength is observed to cause increased oil production in sandstones and carbonates. 
However, the injection salinity threshold for sandstones is commonly taken as 5,000 ppm TDS, while bulk diluted formation 
brine as high as 112,000 ppm TDS (2.45 mol/L; Al-Attar et al., 2013) have induced the CSE in carbonates.  
The MIE and DLE mechanisms for carbonates and sandstones both alter electrostatic charge of mineral surface as polar oil 
compounds desorb and such changes can be quantified by measuring of zeta potential of the mineral surface. Currently, the 
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relationship between these mechanisms and zeta potential at mineral surface are not well understood as there is a lack of 
measurements made at the relevant conditions. Brine ionic composition required to induce the MIE mechanism in sandstones 
and carbonates are different; for sandstones, salinity is reduced to less than 5,000 ppm TDS (Lager et al., 2007; 2008a) while 
brines rich in SO42- (e.g. seawater; c. 35,000ppm TDS) are suggested to facilitate the MIE-C mechanism (Strand et al., 2006; 
Zhang et al., 2007). Clay/mineral fines migration is a common physical mechanism proposed to induce the CSE for sandstones 
and carbonates but the CSE is not conditional on these mechanisms.  
 
Statistical analysis: Review of dataset, methodology, and limitations 
Multivariate and univariate linear regression was used to analyze published secondary and tertiary mode coreflood results with 
incremental oil recovered (y) as the variable dependent on COBR properties and coreflood parameters (i.e. initial and flooding 
conditions). Independent variables selected for the regression analysis on secondary and tertiary mode corefloods were based on 
the review earlier and data availability (see Table 2). Variables for brine properties accounted for the difference between injection 
and initial brine (denoted by subscript JI), the difference between injection and effluent brine (denoted by subscript JE), and the 
difference between injection and the preceding injection brine (denoted by subscript JP; only applicable for tertiary mode 
coreflood). These differences in brine properties were applied on ionic strength (IS), Ca2+ concentration (Ca), Mg2+ concentration 
(Mg), SO42- concentration (SO4) as well as different combinations of the sum and ratio of Ca2+, Mg2+, and SO42- concentrations 
to determine the significance of cation and anion interaction: (Ca+Mg), (Ca+Mg+SO4), (Ca/SO4), (Mg/SO4), ((Ca+Mg)/SO4). 
For example, the variable ((Ca+Mg)/SO4)JP is the change in cation to anion ratio in tertiary mode injection brine. Three variables 
assigned to represent rock properties are carbonate rock type (x1; chalk, dolomite, or limestone), source of the core sample (x2; 
reservoir or outcrop rock), and anhydrite presence (x3). Crude oil properties are represented by AN, BN, density (ρoil), and 
viscosity (μoil). Initial and flooding variables include coreflood temperature (TC), coreflood rate (q), change in pressure drop 
(ΔdP), and whether the core was aged (x4). A study group variable (x5) was introduced to check for author bias. Appendix D 
reports the values of the dependent and independent variables associated with each trial; a trial is taken as a secondary or tertiary 
mode coreflood. 
 
Table 2. Listing of all independent variables for the regression analysis on secondary and tertiary mode trials 
 Univariate Multivariate  Univariate Multivariate 
  
  
Tertiary 
mode 
Secondary 
mode 
Tertiary 
mode 
Secondary 
mode  
Tertiary 
mode 
Secondary 
mode 
Tertiary 
mode 
Secondary 
mode 
Brine properties Brine properties (continued) 
ISJI     (Ca+Mg)JE     
CaJI     (Ca+Mg+SO4)JE     
MgJI     (Ca/SO4)JE     
SO4JI     (Mg/SO4)JE     
(Ca+Mg)JI     ((Ca+Mg)/SO4)JE     
(Ca+Mg+SO4)JI     Rock properties     
(Ca/SO4)JI     x1; Rock type (LS/DOL/CH)     
(Mg/SO4)JI     x2; Rock source (R/OC)     
((Ca+Mg)/SO4)JI     x3; Anhydrite presence     
ISJP     Crude oil properties 
CaJP     AN     
MgJP     BN     
SO4JP     ρoil     
(Ca+Mg)JP     μoil     
(Ca+Mg+SO4)JP     Initial and flooding parameters 
(Ca/SO4)JP     TC     
(Mg/SO4)JP     q     
((Ca+Mg)/SO4)JP     ∆ dP     
CaJE     x4; Aged core (Yes/No)     
MgJE     Others 
SO4JE     x5; Study group     
() indicates that the independent variable was used for the corresponding regression analysis  
 
The multiple regression analysis was performed for different combinations of independent variables to achieve a high value 
for adjusted R squared (R̅2) and p-values < 0.05 for all coefficients of the model equation. R̅2 indicates the goodness of fit of 
regression models with the same dependent variable but different combinations of independent variables; a higher R̅2 implies a 
better fit (Kleinbaum et al., 1998). A coefficient is statistically significant for low p-values and the widely accepted cutoff is p-
value < 0.05 or 0.1 (Kleinbaum et al., 1998). Most studies perform only few coreflood experiments thus the statistical sample 
size is usually small; 8 trials per study on average (see Appendix D). Any regression model requires as many trials as independent 
variables yet accounting for initial and flooding conditions may require more than 8 variables in a multiple regression analysis. 
Controlled Salinity Waterflooding in Carbonates: Evidence, Mechanisms and Comparative Study with Sandstones                                           13 
Therefore studies were combined to increase sample size thus allowing more variables to be accounted within a multivariate 
regression model. Despite this, the secondary mode corefloods had a combined sample size of 6 trials thus the number of 
independent variables selected for the multiple regression analysis was reduced accordingly. It should be noted that the merging 
of different studies may lead to the emergence of misleading trends that do not exist in individual studies (termed Simpson’s 
paradox, see also Borenstein et al., 2009) but performing regression analysis per study biases results towards the bigger studies. 
Another limitation of the dataset is that studies do not report data for all variables thus sample size generally decreases as the 
number of independent variables selected for multivariate regression is increased. Conclusions drawn from a small sample size 
cannot be reliably extended onto a larger sample therefore the multiple regression analysis was balanced between having 
sufficient trials (≥ 25) and independent variables. Since the number of independent variables was limited in the multiple 
regression analysis, a univariate analysis was separately performed to account for the relationship between the dependent and 
all independent variables. Univariate regression analysis gives the correlation coefficient (R) that indicates the linear association 
between two variables; a large R magnitude implies a strong association (Kleinbaum et al., 1998).  
 
Statistical analysis: Results and discussion 
Multivariate regression analysis was performed for secondary and tertiary mode trials with 5 and 66 different combinations of 
independent variables respectively, and the majority of these combinations yielded R̅ 2  close to zero and/or statistically 
insignificant regression model coefficients (e.g. Table 3 Models 12, 44-46, 49, 57, 61; see Appendix E for results of all 71 
regression models). The poor results indicate that the combinations of selected variables were not adequate to predict incremental 
oil recovery. Regression model 11 was the exception with high R̅ 2 value and statistically significant coefficients (Table 3). 
However the model had a small sample size (25 trials) and when the sample size was increased by dropping a variable the 
corresponding R̅2  dropped and p-values became insignificant (compare Table 3 Model 12) indicating that the model lacks 
robustness.  
 
 
Table 3. Multiple linear regression results for selected regression models fitted on tertiary mode trials 
 
Regression model 11 12 44 45 46 47 49 57 61 
R̅ 2 0.86 0.54 0.34 0.32 0.09 0.33 0.52 0.17 0.25 
Trials 25 68 92 92 48 92 68 154 27 
p
-v
a
lu
e
s
 (
s
ig
n
if
ic
a
n
t 
if
 <
 0
.0
5
) 
Intercept 0.005 8.7E-04 0.005 0.025 0.093 0.015 2.7E-07 0.569 0.374 
x1; Rock type (LS/DOL/CH) 0.014 0.13 0.141 - - - - - 0.716 
x2; Rock source (R/OC) 0.005 0.74 - 0.757 - - - - 0.967 
x3; Anhydrite presence 0.005 - - - 0.595 - - - - 
x4; Aged core (yes/no) - - - - - - - - 0.759 
x5; Study group 0.003 0.238 - - - - - - 0.421 
ISJP 0.006 0.029 0.019 0.001 0.917 5.8E-04 0.17 6.5E-06 0.045 
(Ca+Mg)JP 0.006 0.011 - - - - - - - 
SO4JP 0.019 0.578 - - - - - - - 
((Ca+Mg)/SO4)JP - - 0.002 7.8E-04 0.595 5.7E-04 0.016 0.05 0.745 
ISJI - - - - - - - 0.269 - 
((Ca+Mg)/SO4)JI - - - - - - - 0.859 - 
((Ca+Mg)/SO4)JE - - - - - - - - 0.058 
ρoil 0.005 0.001 0.004 0.018 0.083 0.01 1.9E-07 - 0.353 
μoil 0.002 0.255 0.004 0.017 0.05 0.01 3.1E-08 - 0.328 
AN 0.011 0.570 2.3E-05 8.7E-05 0.836 2.6E-05 2.4E-07 - - 
BN 1.4E-04 0.834 - - - - 0.141 - - 
TC 0.009 0.016 0.032 0.035 0.207 0.032 0.007 0.002 0.707 
C
o
e
ff
ic
ie
n
ts
 
Intercept -8544.6 246.8 115.5 99.5 112.8 92.4 294.3 -0.8 -238.7 
x1; Rock type (LS/DOL/CH) -2.2 -1.1 -1 - - - -  2.5 
x2; Rock source (R/OC) 454.8 -0.4 - -0.4 - - -  -0.2 
x3; Anhydrite presence 455.3 - - - -2 - -  - 
x4; Aged core (yes/no)         -1.48 
x5; Study group 134.26 1.13 - - - - -  2.56 
ISJP -87.8 -11 -1.9 -2.4 -0.1 -2.5 -2 -1.8 -2.3 
(Ca+Mg)JP 708.1 97.3 - - - - - - - 
SO4JP 560.7 22.6 - - - - - - - 
((Ca+Mg)/SO4)JP - - 2.1E-03 2.3E-03 6.1E-04 2.3E-03 2.7E-03 1.5E-03 -3.1E-3 
ISJI - - - - - - - 0.26 - 
((Ca+Mg)/SO4)JI - - - - - - - -1.1E-4 - 
((Ca+Mg)/SO4)JE - - - - - - - - 9.9E-03 
ρoil 9659.2 -302.2 -144.1 -127 -139 -118.9 -369.5 - 275.35 
μoil -129.2 0.6 0.6 0.6 0.7 0.6 1.2 - -1.22 
AN -31.8 2.4 3.8 3.9 0.4 3.8 10.3 - - 
BN 259.7 0.2 - - - - 1.1 - - 
TC 0.08 0.04 0.05 0.05 0.05 0.05 0.05 0.05 0.03 
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Model 47 gave the best results for a large sample size of 92 tertiary mode trials as follows (see also Figure 9): 
  y   =     92.4  +  0.05 TC  +  3.8 AN  –  118.9 ρoil  +  0.6 μoil   –  2.5 ISJP  +  2.3 × 10
-3 (
Ca + Mg
SO4
)
JP
 [2] 
 
     p-value  =  (0.015)     (0.032)     (2.6E-05)      (0.01)          (0.01)      (5.8E-04)           (5.7E-04)   
 
            R̅ 2  =  0.33 
The low R̅ 2  indicates that there are still unaccounted variable(s) in the regression model that controls the incremental oil 
recovered; notably there are no variables representing rock properties in the model. The three variables assigned to represent 
rock properties were each added to the model but p-values became insignificant (compare Table 3 Models 44 to 47). Other rock 
properties that may be controlling the CSE have not been accounted for but the lack of data impedes further investigation. In 
line with the review earlier, the regression model predicts an increase in tertiary mode oil production by increasing coreflood 
temperature (TC). The TC variable was also statistically significant in majority of the regression models indicating that it is an 
important factor contributing to incremental oil produced and reinforces the earlier suggestion that measurements should be 
conducted at reservoir conditions. The presence of three statistically significant crude oil variables (AN, ρoil, μoil) in the model 
suggests that crude oil properties play an important role in inducing the CSE. Comparatively, BN is not predicted to be a good 
fit with the combination of variables (see Table 3 Model 49). As discussed, the relationship between crude oil properties and the 
CSE is neither well understood nor well investigated. By inspecting the ISJP coefficient, decreasing injection brine ionic strength 
by 1 mol/L is predicted to yield a modest 2.5% incremental oil recovery keeping all other variables constant. A positive value 
for ((Ca+Mg)/SO4)JP (i.e. increasing the cation to anion ratio of PDIs in the injection brine) is predicted to improve tertiary mode 
oil recovery but a review of the data indicates that this is not normally achieved with the use of diluted brines or commonly 
available water sources (e.g. seawater, aquifer water; see also Appendix D for brines used and values obtained); manipulation 
of brine ionic composition is required to yield a small increase in oil recovery (e.g. Gupta et al., 2011; Sharifi and Shaikh, 2013). 
The ((Ca+Mg)/SO4)JP variable was also found to have statistically significant p-values in several other regression models 
indicating that the cation to anion ratio in the injection brine is strongly associated to the CSE in carbonates (e.g. Table 3 Model 
44-46, 49, 57). However, the two brine variables cannot explain cases where injection brine was bulk diluted (ISJP is negative 
with corresponding ((Ca+Mg)/SO4)JP being zero) but no incremental oil recovery was observed (e.g. Alotaibi et al., 2010; Jiang 
et al., 2014). It should be noted that the regression results suggest a statistically significant association but do not imply causation 
(Kleinbaum et al., 1998). 
 
 
 
Figure 9. Tertiary mode incremental oil recovery against each of the 6 independent variables based on Eq. [2]. Data points correspond to the 92 
trials on which multiple linear regression model was fitted on. Straight line shows linear regressions through the data. Each plot was constructed 
with 5 other independent variables taking their respective mean values from the 92 data points. The mean values are: TC =89.5
oC, AN = 0.63 
mgKOH/g, ρoil = 0.85 g/cm
3, μoil = 8.9cp, ISJP = -0.65mol/L, ((Ca+Mg)/SO4)JP = -425. 
 
Univariate regression analysis was performed to determine the correlation coefficients (R) between incremental oil recovered 
and each independent variable for secondary and tertiary mode coreflood trials (Table 4). For tertiary mode variables, R values 
were close to zero indicating poor correlation. The poor results also suggest that the relationship between independent variables 
and their effect on incremental oil recovered is not captured (Kleinbaum et al., 1998). Some secondary mode variables had high 
R values but for a small sample size thus results cannot be reliably extended to larger sample sizes. 
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Table 4. Univariate regression coefficients (R) and trials for all independent variables in secondary and tertiary mode  
Brine properties 
  
Secondary 
mode 
Tertiary  
mode Brine properties 
  
Secondary 
mode 
Tertiary  
mode Brine properties 
  
Secondary 
mode 
Tertiary  
mode 
ISJI 0.3 6 -0.1 154 ISJP - - -0.3 154 CaJE -0.5 3 -0.1 40 
CaJI 0.6 6 0.1 154 CaJP - - -0.1 154 MgJE -0.7 3 -0.2 38 
MgJI -0.1 6 -0.1 154 MgJP - - -0.3 154 SO4JE -0.1 3 0.0 31 
SO4JI 0.0 6 -0.1 154 SO4JP - - -0.2 154 (Ca+Mg)JE -0.6 3 -0.1 38 
(Ca+Mg)JI 0.5 6 0.0 154 (Ca+Mg)JP - - -0.2 154 (Ca+Mg+SO4)JE -0.5 3 -0.1 27 
(Ca+Mg+SO4)JI 0.5 6 0.0 154 (Ca+Mg+SO4)JP - - -0.3 154 (Ca/SO4)JE -0.4 3 -0.1 29 
(Ca/SO4)JI 0.7 6 0.1 154 (Ca/SO4)JP - - 0.0 154 (Mg/SO4)JE -0.8 3 -0.1 27 
(Mg/SO4)JI 0.7 6 -0.1 154 (Mg/SO4)JP - - 0.0 154 ((Ca+Mg)/SO4)JE -0.7 3 -0.1 27 
((Ca+Mg)/SO4)JI 0.7 6 0.0 154 ((Ca+Mg)/SO4)JP - - 0.0 154      
Rock properties 
  
Secondary 
mode 
Tertiary  
mode 
 
Crude oil 
properties 
  
Secondary 
mode 
Tertiary  
mode 
Initial/flooding 
variables 
  
Secondary 
mode 
Tertiary  
mode 
x1; Rock type 
(LS/DOL/CH) 
0.2 22 -0.1 160 AN - - 0.3 95 
x5; Aged core 
(Yes/No) 
0.0 22 0.2 160 
x2; Source 
(R/OC) 
-0.2 22 0.1 160 BN - - -0.3 71 TC 0.0 22 0.3 160 
x3; Anhydrite 
presence 
- - -0.1 85 ρoil -0.2 22 -0.2 136 Flood rate -0.8 4 0.0 141 
     μoil -0.1 22 -0.2 157 ∆ dP - - 0.3 65 
Others 
Secondary 
mode 
Tertiary 
mode           
x4; Study group 0.2 22 0.0 160           
 
Conclusion  
The use of controlled salinity brine improves oil recovery in carbonates but the underlying mechanism(s), as well as the necessary 
and sufficient conditions required for the CSE to occur have not been identified. Most conditions that were proposed to be 
necessary for the CSE to be observed have been disproved by counterevidence. However evidence from majority of the studies 
does suggest that increased water-wetness accompanies the CSE for initially intermediate- to oil-wet carbonates despite some 
exceptions where the CSE was observed but water-wetness did not increase for initially water-wet rocks. A review of the 
published data shows that improved oil recovery in carbonates was more consistently induced by increasing Ca2+, Mg2+, and/or 
SO42-, especially SO42-, in the injection/imbibing brine rather than reducing the ionic strength. The likely mechanisms currently 
are MIE-C and rock dissolution but collected evidences do not conclusively indicate if mechanisms operate individually or in 
combination. Current investigative approaches to identifying the mechanism(s) underlying the CSE in carbonates can be 
improved by collecting a broad range of data types and performing a variety of experimental measurements with a focus on 
capturing and quantifying changes on the carbonate mineral surface. Importantly, zeta potential measurements are able to capture 
surface charge changes as oil compounds desorb which is a common phenomenon suggested by all the main proposed 
mechanisms for sandstones and carbonates. Imaging tools allows comparison and quantification of changes on carbonate mineral 
surface thus providing direct evidence for the rock dissolution mechanism. When necessary, measurements should be made at 
appropriate conditions; under reservoir pressure and temperature on a single COBR system with intact core sample, and live 
crude oil and brine. Lastly, experimental measurements should be complemented with computational modelling to better 
understand the complex behavior of the pore scale physico-electro-chemical processes underlying the CSE. 
Linear regression analysis performed was limited by the availability of published data. Majority of the 71 regression models 
with different combinations of independent variables for secondary and tertiary mode coreflood trials yielded poor results; R̅ 2 
close to zero and/or statistically insignificant regression model coefficients (p-value > 0.05). The best performing regression 
model was fitted on a sample with 92 tertiary mode corefloods with R̅ 2 = 0.33 and p-values < 0.05 for all of the coefficients in 
the following combination of independent variables: coreflood temperature, acid number, oil density, oil viscosity, decrease in 
ionic strength, and change in calcium and magnesium to sulfate ratio. The model’s low R̅ 2 value indicates that other important 
variables controlling the CSE have not been accounted for; no suitable variable was found to represent rock properties. Low p-
values for coreflood temperature and crude oil properties indicate that these variables have a statistically significant association 
with the incremental oil recovered. The findings reinforce the earlier suggestion that measurements should be taken at reservoir 
conditions and that more investigation is required to understand the role that crude oil properties play in inducing the CSE. The 
model predicts that oil recovery increases by decreasing injection brine ionic strength and/or increasing the cation to anion ratio 
in the injection brine. However the model does not explain several corefloods where no additional oil was produced despite the 
reduction of injection brine salinity by bulk dilution. Univariate regression did not yield significant results. 
 
Recommendations for future work 
The testing of all possible combinations of independent variables would be a more rigorous method to determine the regression 
model with the highest ?̅?2 and statistically significant coefficients (Weisberg, 1980). However, this method may not be feasible 
for a large number of independent variables. Alternatively, stepwise regression is a systematic procedure that tests various 
combinations of variables until an optimum predictive model is found (Weisberg, 1980). Variables accounting for other ions 
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such as sodium and chloride can be introduced. All regression models used in the present analysis were linear; non-linear 
regression models can be used to test any non-linear relationship between the dependent and independent variables. Lastly, the 
regression analysis can be extended to SI experiments. 
 
Nomenclature  
Regression variables 
AN = Acid number 
BN = Base number 
Ca = Calcium concentration 
CH = Chalk  
DOL = Dolomite  
IS = Ionic strength 
LS = Limestone 
 
Mg = Magnesium concentration 
OC = Outcrop rock 
R = Correlation coefficient  
R̅2 = Adjusted R squared 
RE = Reservoir rock  
SO4 = Sulfate concentration 
TC = Coreflood temperature 
 
x1 = Rock type  
x2 = Rock source 
x3 = Anhydrite presence 
x4 = Aged core 
x5 = Study group 
y = Incremental oil recovery  
∆dP = Change in pressure drop 
Subscript 
JE = Difference between injection brine and effluent brine (for secondary and tertiary mode) 
JI = Difference between injection brine and initial brine (for secondary and tertiary mode) 
JP = Difference between injection brine and the preceding injection brine (for tertiary mode) 
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Table A-1. Milestones in the study of controlled salinity waterflooding  
Paper Year Title Authors Contribution 
SPE 
1411-G 
1959 
The Effects of Clay on 
the Displacement of 
Heavy Oil by Water 
Martin, J.C. 
First to suggest that reducing salinity of water can improve 
oil recovery in sandstones 
SPE 1725 1967 
Effect of Floodwater 
Salinity on Recovery of 
Oil from Cores 
Containing Clays 
Bernard, G.G. 
Suggested that improved oil recovery in sandstones is 
associated with clay swelling (of hydratable clays such as 
montmorillonite) and fines migration 
SPE 36680 
12(4), 269-
276 
1997 
Salinity, temperature, oil 
composition, and oil 
recovery by waterflooding 
Tang, G.Q. and 
Morrow, N.R. 
1. Showed that rock wettability is a variable that responds 
to changes in thermodynamic conditions in the reservoir 
and is not a fixed property as commonly believed 
2. Showed that water wetness and oil recovery can be 
increase with the use of low salinity brine via spontaneous 
imbibition and coreflood experiments 
Journal of 
Pet. Sci. & 
Eng. 2, 99-
111 
1999a 
Influence of brine 
composition and fines 
migration on crude oil 
brine rock interactions 
and oil recovery 
Tang, G.Q. and 
Morrow, N.R. 
1. Suggested the necessary conditions for increased oil 
recovery with LSW: Adsorption from crude oil, presence 
of potentially mobile fines, and initial water saturation 
2. Suggested that the LSE is due to partial stripping of 
mixed-wet fines from pore walls during water flooding and 
partial mobilization of residual oil through detachment of 
fines 
Pet. Sci. & 
Tech. 19 (3-
4),  
359-372 
2001 
Effect of brine 
composition on oil 
recovery by waterflooding 
Bagci, S., Kok. M.V. 
and Turksoy, U. 
First reported case of the CSE in coreflood experiments 
on unconsolidated limestone packs by reducing injection 
brine ionic strength 
SPE 89379 2004 
Low Salinity Oil Recovery 
– Log-Inject-Log 
Webb, K.J., Black, 
C.J.J. and Al-Ajeel, H. 
1. First reported field trial using low salinity water injection 
in secondary mode  
2. Observed decrease in residual oil saturation via log-
inject-log method using low salinity water as reported in 
literature 
SPE 93903 2005 
Low Salinity Oil 
Recovery: An Exciting 
New EOR Opportunity for 
Alaska’s North Slope 
McGuire, P.L., 
Chatham, J.R., 
Paskvan, F.K., 
Sommer, D.M., Carini, 
F.H. 
1. Propose a mechanism that drives the LSE: in-situ 
surfactant generation and inhibition of surfactant 
precipitation 
2. Demonstrated via single well chemical tracer test 
(SWCTT) that LSW improved oil recovery 
Petrophysics 
49(1), 28-35 
2008a 
Low salinity oil recovery - 
An experimental 
investigation 
Lager, A., Webb, K.J., 
Black, C.J.J., 
Singleton, M., and 
Sorbie, K.S. 
Suggest that the LSE is due to a new mechanism; 
multicomponent ionic exchange (MIE). It occurs when 
polar oil compounds desorb from clay surface when 
cations (Mg2+ and Ca2+) in the injected low salinity water 
replaces them. 
Colloids & 
Surfaces A  
301(1-3), 
199-208 
2007 
Wettability alteration and 
improved oil recovery by 
spontaneous imbibition of 
seawater into chalk: 
Impact of the potential 
determining ions Ca2+, 
Mg2+, and SO4
2− 
Zhang, P., Tweheyo, 
M.T. and Austad, T. 
Proposed a chemical mechanism that explains the 
interplay between chalk surface and three potential 
determining ions (Ca2+, Mg2+, and SO4
2-) found in 
seawater to increase chalk water wetness and improve oil 
recovery. 
SPE 119835 2009 
Novel Waterflooding 
Strategy by Manipulation 
of Injection Brine 
Composition 
Liegthelm, D.J., 
Gronsveld, J., Hofman, 
J.P., Brussee, N., 
Marcelis, F., and van 
der Linde, H.A. 
Introduced the expansion of the double layer as plausible 
mechanism for the LSE in sandstones. 
Energy & 
Fuels, 23, 
4479-4485 
2009 
Smart Water as 
Wettability Modifier in 
Carbonate and 
Sandstone: A Discussion 
of Similarities/Differences 
in the Chemical 
Mechanisms 
RezaeiDoust, A., 
Puntervold, T., Strand, 
S., and Austad, T. 
1. Review of suggested chemical mechanisms for 
wettability alteration in sandstones and carbonates  
2. Suggested that carbonates and sandstones have 
different chemical mechanism for wettability modification 
3. Proposed a new mechanism (salting-in) for wettability 
alteration in sandstones 
SPE 129767 2010 
Chemical Mechanism of 
Low Salinity Water 
Flooding in Sandstone 
Reservoirs 
Austad, T., 
RezaeiDoust, A., and 
Puntervold, T. 
Proposed a new chemical mechanism for the LSE that 
states that low salinity water desorbs Ca2+ causing a local 
increase in pH as H+ substitutes Ca2+ and a desorption of 
organic material from clay surface as OH- and acid/basic 
material reacts. 
Transport in 
Porous 
Media 85, 1-
21 
2010 
The Impact of Pore Water 
Chemistry on Carbonate 
Surface Charge and Oil 
Wettability 
Hiorth, A., Cathles, 
L.M. and Madland, 
M.V. 
Suggested that mechanism for improved oil recovery 
observed in spontaneous imbibition experiments is due to 
mineral precipitation/dissolution processes rather than 
surface charge alteration as suggested by Austad and co-
workers 
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Table A-1: Milestones in the study of controlled salinity waterflooding (continued) 
Paper Year Title Authors Contribution 
Energy & 
Fuels, 
24(4), 
2514-
2519 
2010 
"Smart Water" as a 
Wettability Modifier in 
Chalk: The Effect of 
Salinity and Ionic 
Composition 
Fathi, S.J., Austad, T. 
and Strand, S. 
Suggested that seawater with reduced non-active salt 
(NaCl) will enable active ions (Ca2+, Mg2+, and SO4
2-) to 
have better access to chalk surface and thus increasing 
water wetness and improved oil recovery. 
SPE 
137634 
PA  
2011 
Laboratory Investigation of 
Novel Oil Recovery 
Method for Carbonate 
Reservoirs 
Yousef, A.A., Al-Saleh, 
S.H., Al-Kaabi, A., Al-
Jawfi, M.S. 
1. Observed improved oil recovery in tertiary waterflood 
with dilute seawater in carbonate reservoir core at 
reservoir conditions.  
2. Suggests that the key mechanism for improved oil 
recovery is due to wettability alteration caused by  
a. Alteration of surface charge of carbonate rock and  
b. Enhancement of pore system connectivity by 
microscopic rock dissolution  
Energy & 
Fuels, 
26(1), 
569–575 
2011 
Conditions for a Low-
Salinity Enhanced Oil 
Recovery (EOR) Effect in 
Carbonate Oil Reservoirs 
Austad, T., 
Shariatpanahi, S.F., 
Strand, S., Black, 
C.J.J., Webb, K.J. 
The LSE is observed when dilute seawater or produced 
water is injected into carbonates containing anhydrite 
(CaSO4). Suggests that the chemical mechanism for 
improved oil recovery is in principle the same as 
previously described for seawater. The only difference is 
that the catalytic agent sulfate is created in the matrix 
because of dissolution of anhydrite. 
SPE 
161821 
2012 
Ion Chromatography 
Analysis of Advanced Ion 
Management Carbonate 
Coreflood Experiments 
Vo, L.T., Gupta, R., 
Hehmeyer, O.J. 
Suggested that reduction of brine ionic strength leads to 
rock dissolution to maintain chemical equilibrium. The 
CSE occurs when adsorbed oil compounds are released 
from the dissolved rock 
SPE 
161631 
2012 
Improving Waterflood 
Recovery Efficiency in 
Carbonate Reservoirs 
through Salinity Variations 
and Ionic Exchanges: A 
Promising Low-Cost 
"Smart-Waterflood" 
Approach 
Zhang, Y.,  
Sarma, H.K. 
Suggest mineral fines migration as a mechanism for the 
CSE based on sandstones fines migration 
SPE 
159526 
2012c 
SmartWater Flooding: 
Industry's First Field Test 
in Carbonate Reservoirs 
Yousef, A.A., Liu, J., 
Blanchard, G., Al-Saleh, 
S., Al-Zahrani, T., Al-
Zahrani, R., Al-Tammar, 
H., Al-Mulhim, N. 
First reported field trial on a carbonate reservoir 
demonstrating via two single well chemical tracer test 
(SWCTT) that low salinity water improved oil recovery. 
SPE 
154508 
2012c 
Smart Waterflooding (High 
Sal/Low Sal) in Carbonate 
Reservoirs 
Zahid, A., Stenby, E.H. 
and Shapiro, A. 
Proposed a mechanism based on crude oil–brine 
interaction based on following observations: 
1. Trend of decreased oil viscosity as sulfate 
concentration is increased for crude oil with high 
asphaltene fraction  
2. Emulsion forming when crude oil is mixed with sulfate 
ions at high pressure and temperature. 
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SPE 1411-G (1959) 
 
The Effects of Clay on the Displacement of Heavy Oil by Water 
 
Authors:  
Martin, J.C. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
First to suggest that reducing salinity of water can improve oil recovery in sandstones 
 
Objective of the paper:  
1. Use experimental coreflood results as evidence that reducing salinity of water can improve the efficiency of water displacing 
oil in sandstones with small amounts of clay present 
2. Present a possible mechanism to explain the observed improvement 
 
Methodology used: 
Coreflood experiments and analysis analytically 
 
Conclusion reached:  
1. Presence of clay in sandstone reduces water permeability and has a relatively small effect on oil permeability 
2. Water with lower ionic concentration reduces water permeability 
3. Reduction in water permeability improve the efficiency of water displacing oil in sandstones 
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SPE 1725 (1967) 
 
Effect of Floodwater Salinity on Recovery of Oil from Cores Containing Clays 
 
Authors:  
Bernard, G.G. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
1. Showed via coreflood experiments that improved oil recovery in sandstones is achievable with the use of water of lower 
ionic content 
2. Suggested that the mechanism for improved oil recovery is associated with clay swelling (of hydratable clays such as 
montmorillonite) and fines migration 
 
Objective of the paper:  
Investigate the relative effectiveness of fresh and salt water in flooding oil from sandstone cores containing hydratable clays. 
 
Methodology used: 
Coreflood experiment 
 
Conclusion reached:  
1. Fresh water flood (0 to 1% NaCl) produces more oil than brine flood in cores with clay present 
2. A lowering of permeability and high pressure drop is associated with the a fresh water flood that produces more oil 
3. First proposed mechanism: Fresh water causes clay to swell and decreases pore space to available oil. Thus oil recovery 
increases. 
4. Second proposed mechanism: Fresh water disperses clay into very fine particles and these particles moves along established 
flow paths, eventually plugging them. New flow channels are established as the existing channels are completely or partially 
blocked. Thus additional oil is recovered. 
5. Clay hydration alone is insufficient to produce more oil. It must be accompanied by an increased pressure drop. 
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SPE 36680 (1997) 12(4), 269-276 
 
Salinity, temperature, oil composition, and oil recovery by waterflooding 
 
Authors:  
Tang, G.Q. and Morrow, N.R. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
1. Showed that rock wettability is a variable that responds to changes in thermodynamic conditions in the reservoir and is not 
a fixed property as commonly believed 
2. Showed that water wetness and oil recovery can be increase with the use of low salinity brine via spontaneous imbibition 
and coreflood experiments 
 
Objective of the paper:  
Investigated the effect of oil recovery of aging and displacement temperature, oil composition, and brine composition by 
spontaneous imbibition and coreflooding 
 
Methodology used: 
Spontaneous imbibition and coreflooding. 
 
Conclusion reached:  
1. Water wetness and oil recovery can be increased with use of low salinity brine  
2. Transition towards water wetness can occur when temperature is raised during oil displacement 
3. Aging of cores at high water saturation can increase water wetness 
4. Changes in wettability and coreflood efficiency was observed for variation in crude oil composition by adding or removing 
light ends 
5. Wettability is a variable that responds to changes in thermodynamic conditions in the reservoir 
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Journal of Petroleum Science & Engineering (1999a) 2, 99-111  
 
Influence of brine composition and fines migration on crude oil brine rock interactions and oil recovery 
 
Authors:  
Tang, G.Q. and Morrow, N.R. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
1. Suggested the necessary conditions for increased oil recovery with LSW: Adsorption from crude oil, presence of potentially 
mobile fines, and initial water saturation 
2. Suggested that LSE is due to partial stripping of mixed-wet fines from pore walls during water flooding and partial 
mobilization of residual oil through detachment of fines 
 
Objective of the paper:  
Establish necessary conditions for increase in oil recovery with decrease in salinity 
 
Methodology used: 
Coreflood. 
 
Conclusion reached:  
1. Adsorption form crude oil, presence of potentially mobile fines, and initial water saturation are necessary conditions for 
increase in oil recovery with decrease in salinity 
2. After establishing residual oil saturation by waterflooding, recovery of crude oil at high water cut could be initiated or 
curtailed according to the composition of the injection brine 
3. Recovery of crude oil given by waterflooding, followed by restoring a core to initial water saturation and re-flooding can 
give increased recovery for consecutive floods 
4. A range of observations relating to oil recovery and wettability can be explained by assuming that heavy oil polar components 
of crude oil adsorb onto particles at pore walls to give mixed-wet fines. Change in oil recovery can be partly ascribed to the 
effect of brine chemistry on the forces needs to strip these particles from the pore walls during the course of waterflooding 
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Effect of brine composition on oil recovery by waterflooding 
 
Authors:  
Bagci, S., Kok. M.V. and Turksoy, U. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
First reported case of the CSE in coreflood experiments on unconsolidated limestone packs 
 
Objective of the paper:  
Study the effect of brine composition on oil recovery by waterflooding 
 
Methodology used: 
Coreflooding 
 
Conclusion reached:  
1. Waterflood recoveries of Garzan crude oil, which could be ascribed to differences in initial and injected, brine composition 
ranged from 18.3–35.5% of OOIP.  
2. The oil recoveries increased with decrease in salinity of the injected brine, but there were little differences in breakthrough 
recoveries.  
3. The injection of low salinity brine gave higher pH. The benefit effect of KCl was associated with a decrease of the pH. 
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Low Salinity Oil Recovery – Log-Inject-Log 
 
Authors:  
Webb, K.J., Black, C.J.J. and Al-Ajeel, H. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
1. First reported field trial using low salinity water injection in secondary mode  
2. Observed decrease in residual oil saturation via log-inject-log method using low salinity water as reported in literature  
 
Objective of the paper:  
Describe the design, execution, and analyses of a log-inject-log test on a single well for low salinity waterflooding 
 
Methodology used: 
Pulse neutron capture (PNC) logging, Monte Carlo simulation 
 
Conclusion reached:  
4. Low salinity waterflood produced significant incremental oil compared with high salinity waterflood 
5. Results previously only demonstrated in the laboratory were shown to be applicable to the near well bore environment of an 
oil field for the first time 
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Low Salinity Oil Recovery: An Exciting New EOR Opportunity for Alaska’s North Slope 
 
Authors:  
McGuire, P.L., Chatham, J.R., Paskvan, F.K., Sommer, D.M., Carini, F.H. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
1. Propose a mechanism that drives the LSE: in-situ surfactant generation and inhibition of surfactant precipitation 
2. Demonstrated via single well chemical tracer test (SWCTT) that LSW improved oil recovery 
 
Objective of the paper:  
1. Propose a mechanism that drives the LSE:  
a. Surfactant is generated when low salinity water with elevated pH saponifies oil polar components triggering a reduction 
in interfacial tension between water and crude oil, and increasing water wetness that improves incremental oil recovery. 
This is pointed to be similar to alkaline and surfactant flooding. 
b. Reduced salinity and by the ensuing reduction in divalent cations (e.g. calcium and magnesium) allows surfactant to 
remain effective without causing precipitation.   
2. Report results of four sets of SWCTT performed in Alaska using LSW that improved oil recovery 
 
Methodology used: 
SWCTT 
 
Conclusion reached:  
1. Oil recovery increases due to LoSal at core and SWCTT scale 
2. To date (2005), no direct evidence of LoSal response at pattern level. Production of a tertiary LoSal oil bank at a high 
watercut producer would provide such a direct evidence 
3. The EOR mechanism of LoSal appears similar to those of alkaline flooding: generation of surfactants, changes in wettability, 
and reduction in IFT. Detachment of clay particles may also be involved. 
4. LoSal appears to be effective at salinity levels of about 5000 ppm TDS or less. The N-01A Iviahak SWCTT at 7000 ppm 
TDS showed no discernable EOR. 
5. Because it does not involve importing large volumes of chemicals and it does not require difficult surface handling and 
mixing operations, LoSal can be more easily conducted in harsh operating environments than other chemical EOR processes. 
6. A number of North Slope fields and reservoirs appear to be viable LoSal targets. Incremental recoveries of 6 to 12% OOIP 
are possible in North Slope reservoirs with low salinity water supplies that are available. 
7. LoSal, like any chemical EOR process, will have challenging economics. It requires large up-front investments, while the 
LoSal EOR benefits will take several years to begin and will be spread over a period of many years. 
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Low salinity oil recovery - An experimental investigation 
 
Authors:  
Lager, A., Webb, K.J., Black, C.J.J., Singleton, M., and Sorbie, K.S. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
Suggest that the LSE is due to a new mechanism; multicomponent ionic exchange (MIE). It occurs when polar oil compounds 
desorb from clay surface when cations (Mg2+ and Ca2+) in the injected low salinity water replaces them. 
 
Objective of the paper:  
1. Propose a new mechanism for LSE: multicomponent ion exchange. 
2. Review and discuss two previously suggested mechanisms; fines migration and pH increase, and given new experimental 
results 
 
Methodology used: 
Coreflood and geochemical analysis. 
 
Conclusion reached:  
1. Cation exchange between the mineral surface and the invading brine is the primary mechanism for the LSE. It explains 
previous observations: 
a. LSE not observed when a core is acidized and fired as the cation exchange capacity of the clay minerals is destroyed 
b. Low salinity water injection has no effect on mineral oil as no polar compounds are present to strongly interact with the 
clay minerals 
c. There is no direct correlation between the oil acid number and the amount of oil recovered as quaternized nitrogen and 
heterocyclic ring also play a role in the adsorption mechanism 
d. It explains why LoSal™ does not seem to work on carbonate reservoirs 
2. pH induced IFT reduction or emulsification and fines migration are an effect rather than the cause of the LSE. 
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Wettability alteration and Improved Oil Recovery by Spontaneous Imbibition of Seawater into Chalk: Impact of the Potential 
Determining Ions Ca2+, Mg2+, and SO42- 
 
Authors:  
Zhang, P., Tweheyo, M.T. and Austad, T. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
Proposed a chemical mechanism that explains the interplay between chalk surface and three potential determining ions Ca2+, 
Mg2+, and SO42- from seawater to increase chalk water wetness  
 
Objective of the paper:  
1. Study the interplay between chalk surface and three potential determining ions (PDI): Ca2+, Mg2+, and SO42- from seawater 
to improve water wetness.  
2. Investigate the effects of temperature on the interplay 
3. Propose a chemical mechanism to discuss the mutual interaction between the PDI and chalk surface 
 
Methodology used: 
Zeta potential measurements, core flooding, spontaneous imbibition, chemical analyses 
 
Conclusion reached:  
1. It is experimentally verified that Mg2+ is also a strong PDI towards chalk surface, which has the potential to increase the 
positive charge density of chalk.  
2. At high temperatures, Mg2+ present in seawater can substitute Ca2+ from the chalk surface, and the degree of substitution 
increased as the temperature increased. 
3. Seawater can improve spontaneous imbibition of water into moderate water-wet chalk to improve oil recovery from fractured 
chalk reservoirs. The key parameters in seawater are the PDIs: Ca2+, Mg2+, and SO42−. 
4. To improve the oil recovery, SO42− must act together with either Ca2+ or Mg2+. In both cases, the efficiency increases as the 
temperature increases. 
5. A chemical mechanism, which discusses the interplay between the PDIs to displace organic carboxylic materials from the 
chalk surface, is proposed. 
 
  
Controlled Salinity Waterflooding in Carbonates: Evidence, Mechanisms and Comparative Study with Sandstones                                          xii 
SPE 119835 (2009) 
 
Novel Waterflooding Strategy by Manipulation of Injection Brine Composition 
 
Authors:  
Liegthelm, D.J., Gronsveld, J., Hofman, J.P., Brussee, N., Marcelis, F., and van der Linde, H.A. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
Introduced the expansion of the double layer as plausible mechanism for the LSE.  
 
Objective of the paper:  
Present in-house findings on the subject of injection of brines with well-selected ionic composition in sandstone and carbonate 
reservoirs as an IOR technology. A range of disciplines were involved: core flow and Amott imbibition, colloid chemistry, and 
Petroleum engineering. 
 
Methodology used: 
Spontaneous imbibition, coreflooding. 
 
Conclusion reached:  
1. In-house experimental work demonstrates that Designer waterflooding in mix wet / oil wet sandstones causes wettability 
modification towards increased water wet state. In absence of an efficient water/oil gravity drainage process, application on 
reservoir scale may yield increased displacement sweep efficiency by several percent. 
2. Application of Designer Waterflooding seems possible at salinity levels outside the region of formation damage, where 
adsorbed hydrocarbons are expelled from clay particles but the clays remain intact. 
3. Addition of low concentration polymer might be useful for flood stabilization and compensation for some possible loss on 
the volumetric sweep efficiency. 
4. In-house experimental work indicates that in sandstone reservoirs cation exchange processes as a results of Designer 
Waterflooding may be partly responsible for wettability modification towards increased water wetness. However, the major 
contribution to such wettability modification comes from sufficient reduction in brine ionic strength. Therefore, we currently 
believe that the mechanism of Designer Waterflooding in sandstone reservoirs primarily relies on expansion of electrical 
double layers and to lesser extent on cation exchange processes. 
5. Designer Waterflooding design in sandstone reservoirs can probably be based on brine characterization via solution ionic 
strength 
6. Probably, the distribution over the rock surface (grain coating) rather than the bulk amount of clay determines whether 
Designer Waterflooding can be usefully applied in a particular sandstone reservoir. 
7. Designer Waterflooding puts specific requirements to sandstone reservoirs with respect to initial wettability and clay 
mineralogy, e.g. there should be no abundance of smectite and chlorite clays. Hence, not all fields apply. 
8. The presence of calcium in formation water is a major factor that causes reservoirs to become more oil wet. Therefore, 
seawater injection into the oil legs of reservoirs with formation water of rather low salinity level may make these reservoirs 
more oil wet. This in turn may suppress oil production. 
9. In carbonate reservoirs, wettability modification by manipulation of brine ionic composition is possible by anion exchange 
processes and has been well-established for chalk material. In-house experimental work indicates that the process may also 
work for microcrystalline limestones. 
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Smart Water as Wettability Modifier in Carbonate and Sandstone: A Discussion of Similarities/Differences in the Chemical 
Mechanisms 
 
Authors:  
RezaeiDoust, A., Puntervold, T., Strand, S., & Austad, T. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
1. Review of suggested chemical mechanisms for wettability alteration in sandstones and carbonates  
2. Suggested that carbonates and sandstones have different chemical mechanism for wettability modification 
3. Proposed a new mechanism (salting-in) for wettability alteration in sandstones  
 
Objective of the paper:  
Review of the suggested mechanisms for the wettability modification in the two types of reservoir rocks with a special focus on 
chemical similarities and differences.  
 
Methodology used: 
None 
 
Conclusion reached:  
1. The different chemical bonding mechanisms of polar components from the crude oil onto the positively charged carbonate 
and the negatively charged quartz/ clay indicates a different chemical mechanism for wettability modification by smart water 
in the two cases. 
2. At the present stage, the chemical mechanisms behind enhanced oil recovery using smartwater appear to be different in 
carbonates and sandstones. No obvious similarities have been noticed from published work so far. 
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SPE 129767 (2010)  
 
Chemical Mechanism of Low Salinity Water Flooding in Sandstone Reservoirs 
 
Authors:  
Austad, T., RezaeiDoust, A., and Puntervold, T 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
Proposed a new chemical mechanism for the LSE that states that low salinity water desorbs Ca2+ causing a local increase in pH 
as H+ substitutes Ca2+ and a desorption of organic material from clay surface as OH- and acid/basic material reacts.  
 
Objective of the paper:  
Propose a new mechanism for the LSE 
 
Methodology used: 
Coreflood and simulation 
 
Conclusion reached:  
6. Initially there is a balanced adsorption onto the clay minerals of organic material, active cations and protons, preferentially 
at a reservoir pH of about 5. 
7. Injection of low salinity brine will cause desorption of adsorbed cations, which will increase the pH close to the water–clay 
interface because Ca2+ is substituted by H+ on the clay surface 
8. An ordinary acid-base reaction, which promotes desorption of organic material, takes place between OH- and the adsorbed 
acid and protonated base. The water wetness increases and increased oil recovery is observed. 
9. The cation exchange capacity of the clay, which is in the order of kaolinite < illite/mica/chlorite < montmorillonite, appears 
to be an important parameter for low salinity effects 
10. Different clays have different adsorption/desorption pH windows. It is therefore important to prepare the cores at relevant 
reservoir pH, usually about 5. 
11. At low water-wet conditions a great increase in oil recovery of 75% by LSW can be obtained in the laboratory if the core 
preparation is optimised. 
12. Previously, the documentation of the MIE mechanism has been very much linked to the change in the concentration of Mg2+ 
in the produced low salinity water. This paper shows by modelling that the change in the Mg2+ concentration can also be 
explained by precipitation of Mg(OH)2 due to a local increase in pH caused by injection of the low saline fluid 
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The Impact of Pore Water Chemistry on Carbonate Surface Charge and Oil Wettability 
 
Authors:  
Hiorth, A., Cathles, L.M. and Madland, M.V. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
Suggested that mechanism for improved oil recovery observed in spontaneous imbibition experiments is due to mineral 
precipitation/dissolution processes rather than surface charge/potential alteration as suggested by Austad and co-workers. 
 
Objective of the paper:  
Investigates how water chemistry affects surface charge and rock dissolution in a pure calcium carbonate rock similar to the 
Stevns Klint chalk by constructing and applying a chemical model that couples bulk aqueous and surface chemistry and also 
addresses mineral precipitation and dissolution. 
 
Methodology used: 
Computational modelling 
 
Conclusion reached:  
1. Surface charge alteration is unlikely to be the mechanism for increasing water wetness because it cannot explain the observed 
increase in spontaneous oil recovery caused by seawater imbibition and/or temperature. 
2. Dissolution of calcite could increase water wetness. This model was able to predict temperature dependence of oil recovery 
with imbibing fluids. 
3. A chemical model that couples bulk aqueous and surface chemistry is useful in analyzing the very complex relationships 
between oil and water wetting that are fundamental to oil recovery.  
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"Smart Water" as a Wettability Modifier in Chalk: The Effect of Salinity and Ionic Composition 
 
Authors:  
Fathi, S.J., Austad, T. and Strand, S. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
Suggests that seawater with reduced non-active salt (NaCl) will enable active ions (Ca2+, Mg2+, and SO42-) to have better access 
to chalk surface and thus increasing water wetness.  
 
Objective of the paper:  
Effects of salinity and ionic composition of smart water on oil recovery was studied at different temperatures; 100, 110, 120oC 
 
Methodology used: 
Core flood, chromatographic wettability test 
 
Conclusion reached:  
1. The imbibition rate and ultimate oil recovery increased relative to seawater when seawater was depleted in NaCl. The effect 
was more significant at high temperatures. A decrease in oil recovery was observed when increasing the NaCl concentration.  
2. Using diluted seawater as the imbibing fluid, the oil recovery decreased drastically. The oil recovery by seawater diluted to 
1600 ppm at 120 oC was in the range of 15%, while the recovery by seawater was about 60% of OOIP. Thus, the wettability 
alteration is not a low-salinity effect.  
3. The order of improved water wetness by the different fluids was confirmed by separate chromatographic wettability tests, 
and the increase in the water-wet fraction after spontaneous imbibition at 110 oC was dSW10000<SW<SW0NaCl. The initial 
water wet fraction was 0.53, which was close to neutral condition.  
4. After flooding with formation water and seawater at 120 oC, the oil recovery was over 60% of OOIP. Under this condition, 
it was impossible to increase oil recovery by modifying the seawater by diluting to 10 000 ppm or removing the NaCl.  
5. In a combined spontaneous imbibition and forced displacement by formation water flowed by forced displacement with 
seawater, the recovery ended at 42.5%. No incremental oil was produced by flooding with diluted seawater, dSW10000. 
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Laboratory Investigation of Novel Oil Recovery Method for Carbonate Reservoirs 
 
Authors:  
Yousef, A.A., Al-Saleh, S.H., Al-Kaabi, A., Al-Jawfi, M.S. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
1. Observed improved oil recovery in tertiary waterflood with dilute seawater in carbonate reservoir core at reservoir conditions.  
2. Suggests that the key mechanism for improved oil recovery is due to wettability alteration caused by: 
a. Alteration of surface charge of carbonate rock, and 
b. Enhancement of pore system connectivity by microscopic rock dissolution 
 
Objective of the paper:  
Investigate the potential of increase oil recovery by altering the salinity and ionic composition of the injection water for carbonate 
reservoirs, define the recovery mechanism, and eventually transform the emerged trend to full-fledged reservoir technology. 
 
Methodology used: 
Coreflooding at reservoir conditions, nuclear magnetic resonance (NMR), IFT measurements, contact angle measurements 
 
Conclusion reached:  
1. The results revealed that altering the salinity of injection seawater has a substantial potential to obtain additional incremental 
oil recoveries 
2. Tertiary oil production was triggered after injection of 0.5 to 0.7 pore volumes of a new type of water 
3. The recovery mechanism confirmed that altering the salinity and ionic content of the injection water is able to alter the rock 
wettability toward a more water-wet state. The significant alteration was observed with twice-diluted seawater and also with 
10-times-diluted seawater, where these two slugs provided substantial additional oil recoveries 
4. The contact-angle measurements also highlighted that injection of seawater is capable of changing rock wettability toward a 
water-wet state. This suggests that injecting seawater has a potential to provide high oil recovery compared with the use of 
other sources of water, such as formation water. 
5. The recovery-mechanism study also demonstrated that smart waterflooding has irrelevant impact on IFT measurements, 
compared to contact-angle measurements. This implies that diluting seawater mainly affects fluid/rock interactions 
6. The constant reduction of pressure drop across composite cores with injection of different diluted versions of seawater is 
another indication of alteration of brine/oil/rock interaction, indicated by contact-angle measurements 
7. NMR results indicated that injecting different salinity slugs of seawater in carbonate core samples is able to cause significant 
relaxation of the carbonate rock and is also able to enhance connectivity among pore systems because of rock dissolution. 
This suggests one approach to wettability alteration. 
8. The results, observations, and interpretations addressed over the past 3 years provided compelling evidence that the driving 
mechanism for substantial oil recovery observed in this study is wettability alteration; as indicated by the NMR results, this 
can be triggered by alteration of surface charges of a carbonate rock. 
9. All evidence gathered during this research work indicated that smart waterflooding is a new research trend, different from 
what has been proposed in literature on the topics of low-salinity waterflooding for sandstone reservoirs and injection of 
seawater in chalk reservoirs. This does not imply that there are no similarities among these research trends, but each trend 
will need a certain condition to trigger its effect in terms of additional oil recovery. 
 
Comments:  
1. Contributions to industry are mainly in terms of experimental results with little interpretation. Underlying mechanism for 
improved oil recovery is not explained clearly. 
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Conditions for a Low-Salinity Enhanced Oil Recovery (EOR) Effect in Carbonate Oil Reservoirs  
 
Authors:  
Austad, T., Shariatpanahi, S.F., Strand, S., Black, C.J.J., Webb, K.J. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
The LSE is observed when dilute seawater or produced water is injected into carbonates containing anhydrite (CaSO4). The 
chemical mechanism for improved oil recovery is in principle the same as previously described for seawater. The only difference 
is that the catalytic agent (sulfate; SO42-) is created in the matrix from the dissolution of anhydrite. 
 
Objective of the paper:  
To determine if diluted seawater act as a low-saline EOR fluid after a secondary flood with seawater in carbonate oil reservoirs 
 
Methodology used: 
Coreflooding, chemical analysis 
 
Conclusion reached:  
1. Tertiary low-salinity EOR effects can be obtained in carbonates provided that anhydrite (CaSO4) is present in the matrix. 
Many limestone reservoirs contain small amounts of anhydrite.  
2. No low-salinity effect was detected in chalk cores that did not contain anhydrite. 
3. Tertiary low-salinity oil recovery was quite small and varied between 1 and 5% of OOIP when flooding first with high-
salinity FW (208 940 ppm) and then with 100× diluted FW or 10× diluted GSW because of the low concentration of anhydrite 
in the core material.  
4. The chemical mechanism for improved oil recovery from carbonates containing anhydrite (CaSO4) in a tertiary low-salinity 
process was discussed, and it is, in principle, the same as previously described for seawater. The only difference is that the 
catalytic agent sulfate is created in the matrix because of dissolution of anhydrite. A decrease in total salinity by a factor of 
10−100 will improve the efficiency of the wettability alteration process, as reported previously. 
5. The effect of the temperature and concentration of NaCl are in conflict; i.e., the concentration of SO42− (aq) decreases as the 
temperature increases, but the surface reactivity leading to the wettability alteration increases as the temperature increases. 
Similarly, the concentration of SO42− (aq) decreases as the amount of NaCl decreases, but the surface reactivity promoting 
wettability alteration increases. Therefore, for a carbonate system, there appears to be an optimum temperature window for 
observing the maximum low-salinity effect, probably between 90 and 110 °C. 
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Ion Chromatography Analysis of Advanced Ion Management Carbonate Coreflood Experiments 
 
Authors:  
Vo, L.T., Gupta, R., Hehmeyer, O.J. 
 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
Suggested that reduction of brine ionic strength leads to rock dissolution to maintain chemical equilibrium. The CSE occurs 
when adsorbed oil compounds are released from the dissolved rock 
 
Objective of the paper:  
Companion paper to previous publication by Gupta et al. (2011) discussing results from ion chromatography analysis of ionic 
composition of injection and production brines. 
 
Methodology used: 
Ion chromatography analysis 
 
Conclusion reached:  
Ion chromatograph measurements were completed on Advanced Ion Management brines which have demonstrated the potential 
to significantly increase oil recovery compared to waterflooding using formation water. These measurements have revealed:  
• When sodium sulfate is added to seawater, it does not precipitate with the ions in seawater at 70°C, and if excess magnesium 
chloride is added, it does not precipitate with the ions in seawater at 120°C.  
• When trisodium phosphate is added to seawater at ambient conditions and even at concentrations as low as 0.25g/L, it 
irreversibly precipitates with the calcium and magnesium ions in seawater.  
• When excess borax is added to seawater at ambient conditions, it slowly precipitates with the calcium ions in seawater; if the 
temperature is increased, calcium ions go back into solution, and magnesium ions precipitate out of solution.  
• Deviations in the effluent brine ion concentrations from formulation values are most commonly seen in the calcium ion 
concentration, but other ions may also deviate from formulation values in the same core flood.  
• Deviations in the effluent brine ion concentrations from formulation values are observed for both core floods that demonstrate 
additional oil recoveries and those that do not. 
• Additional oil recoveries are also observed in the core floods in which the effluent brine ion concentrations do not deviate from 
formulation values.  
• Neither rock dissolution nor ion exchange alone is sufficient to explain oil recovery with modified brine injection, and neither 
mechanism is a guarantee of additional oil recovery.  
• Sodium phosphate, borax, and sodium sulfate all precipitate divalent cations from seawater. Softening the source injection 
water prior to adding these salts is likely preferable. 
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Improving Waterflood Recovery Efficiency in Carbonate Reservoirs through Salinity Variations and Ionic Exchanges: A 
Promising Low-Cost "Smart-Waterflood" Approach 
 
Authors:  
Zhang, Y., Sarma, H.K. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
Suggest mineral fines migration as a mechanism for the CSE 
 
Objective of the paper:  
Review literature pertaining to the CSE. Present experimental results on carbonate reservoir cores. 
 
Methodology used: 
Coreflood experiments and contact angle measurements 
 
Conclusion reached:  
1. At 70°C, sequentially diluted SW injection over conventional SW flooding was very effective for oil recovery enhancement 
in our studied COBR system. And low salinity water soaking could give addition oil liberation.  
2. At 70°C, lowering the salinity was more effective than raising the sulfate concentration in injection water in terms of 
incremental oil recovery after secondary formation waterflood, whereas at 120°C, these two schemes exhibited similar 
potential.  
3. "Smart water" was sensitive to temperature. High temperature was favored by "smart waterflood" with respect to oil 
production.  
4. Spontaneous imbibition test illustrated that wettability alteration to be favorably water-wet could be triggered by low salinity 
water at 70°C.  
5. At 90°C, water-wetness enhancement of carbonate rock could be realized by either reducing water salinity or increasing 
sulfate concentration of the surrounding water, whereas divalent cations had little effect on wettability alteration.  
6. During low salinity waterflood process, oil production was usually accompanied with pressure drop increase. And this 
increase could be amplified by raising temperature.  
7. All the derived results lead us to believe wettability alteration and fines migration may account for the favorable performance 
by "smart waterflood" in carbonates. 
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SmartWater Flooding: Industry's First Field Test in Carbonate Reservoirs 
 
Authors:  
Yousef, A.A., Liu, J., Blanchard, G., Al-Saleh, S., Al-Zahrani, T., Al-Zahrani, R., Al-Tammar, H., Al-Mulhim, N. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
First reported field trial on a carbonate reservoir demonstrating via two single well chemical tracer test (SWCTT) that low 
salinity water improved oil recovery. 
 
Objective of the paper:  
Demonstrate SmartWater flood potential in carbonate reservoir via two single well chemical tracer test (SWCTT)  
 
Methodology used: 
SWCTT 
 
Conclusion reached:  
1. Field trials show that SmartWater Flood has potential to act as a new recovery method in carbonate reservoirs at field scale  
2. Well A: Injected in three stages seawater – seawater – SmartWater. ~7 saturation units reduction observed 
3. Well B: Injected in three stage seawater – seawater twice diluted – seawater 10 times diluted. Saturation reduction was a 
total of ~6 units (3+3) 
4. Successful design and execution of field trial. 
5. Modelling and simulation studies successfully predicted the performance of SmartWater Flood. 
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SPE 154508 (2012c) 
 
Smart Waterflooding (High Sal/Low Sal) in Carbonate Reservoirs 
 
Authors:  
Zahid, A., Stenby, E.H. and Shapiro, A. 
 
Contribution to the understanding of controlled salinity waterflooding (CSF) / controlled salinity effect (CSE) 
Proposed a mechanism based on crude oil–brine interaction based on following observations: 
1. Trend of decreased oil viscosity as sulfate concentration is increased for crude oil with high asphaltene fraction  
2. Emulsion forming when crude oil is mixed with sulfate ions at high pressure and temperature. 
 
Objective of the paper:  
Investigate the recovery mechanism for high and low salinity water flooding in carbonate reservoirs 
 
Methodology used: 
DBR PVT JEFRI Cell, viscometer 
 
Conclusion reached:  
1. Increase in temperature demulsify crude oil 
2. As sulfate concentration increases, Latin American crude oil viscosity decrease  
3. As sulfate concentration increases, Middle Eastern crude oil forms emulsion 
4. Fines migration and rock dissolution are possible mechanisms for improved oil recovery  
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Appendix B: Coreflood data  
 
Table B-1. Coreflood data 
See excel table 
 
 
Appendix C: Spontaneous imbibition data 
 
Table C-1. Spontaneous imbibition data 
See excel table 
 
 
Appendix D: Dataset for regression analysis 
 
Table D-1. Dataset for regression analysis 
See excel table 
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Appendix E: Results of multivariate linear regression analysis 
 
Table E-1. Results for multiple linear regression analysis for tertiary mode trials (Models 1 to 10) 
 Regression model 1 2 3 4 5 6 7 8 9 10 
 R̅ 2 0.85 0.86 0.54 0.51 0.51 0.15 0.49 0.14 0.14 0.09 
 Trials 25 25 68 74 74 154 68 133 154 154 
p
-v
a
lu
e
s
 (
s
ig
n
if
ic
a
n
t 
if
 <
 0
.0
5
) 
Intercept 0.674 0.211 0.186 0.002 0.001 0.137 3.0E-01 7.4E-02 0.318 2.2E-08 
x1; Rock type (LS/DOL/CH) 0.018 0.014 0.076 0.002 0.003 0.885 - - - - 
x2; Rock source (RE/OC) 0.620 - - - - - - - - - 
x3; Anhydrite presence 0.619 0.717 - - - - - - - - 
ISJP 0.487 0.346 0.050 4.7E-10 2.2E-09 0.146 0.022 0.210 0.084 0.050 
CaJP 0.986 0.019 0.016 4.9E-10 1.4E-09 0.800 0.009 0.741 0.856 0.976 
MgJP 0.787 0.005 0.130 1.3E-07 3.4E-07 0.207 0.043 0.420 0.238 0.333 
SO4JP 0.848 0.006 0.970 0.753 0.747 0.806 0.341 0.591 0.861 0.868 
ρoil 0.676 0.220 0.189 0.002 0.002 - 0.302 0.111 - - 
μoil 0.408 2.7E-04 0.277 0.001 6.0E-05 - 0.034 0.603 - - 
AN 0.015 0.013 0.694 - - - 0.340 - - - 
BN 2.6E-04 1.5E-04 0.811 - - - 0.772 - - - 
TC 0.012 0.008 0.019 0.119 0.124 7.5E-04 - - 0.001 - 
x5; Aged (yes/no) - - - - 0.990 0.130 - - - - 
x4; Study group 0.430 0.004 0.445 0.837 - - - - - - 
C
o
e
ff
ic
ie
n
ts
 
Intercept -5706.6 1010.6 180.5 80.5 81.4 -3.4 131.1 32.3 -1.4 2.9 
x1; Rock type (LS/DOL/CH) -2.3 -2.3 -1.2 -1.8 -1.9 0.1 - - - - 
x2; Rock source (R/OC) 320.4 - - - - - - - - - 
x3; Anhydrite presence 321.1 1.3 - - - - - - - - 
ISJP -68.0 -21.1 -13.4 -20.9 -20.9 -0.7 -15.7 -0.7 -0.9 -1.0 
CaJP 54.9 -1442.4 109.6 161.6 162.0 0.9 119.8 -1.3 0.7 0.1 
MgJP 3375.4 9414.2 147.0 228.2 227.8 -11.6 182.9 -8.1 -10.9 -9.2 
SO4JP -4897.0 -17297.9 -2.0 -9.5 -10.0 1.5 -32.9 -3.6 1.0 1.0 
ρoil 6433.7 -1197.8 -220.9 -96.1 -97.1 - -161.5 -35.2 - - 
μoil -103.8 -42.5 0.6 0.6 0.6 - 0.8 0.1 - - 
AN -31.9 -31.4 1.7 - - - 3.6 - - - 
BN 259.5 255.5 -0.3 - - - -0.4 - - - 
TC 0.08 0.08 0.04 0.03 0.02 0.05 - - 0.05 - 
x5; Aged (yes/no) - - - - 0.01 2.02 - - - - 
x4; Study group 106.89 40.72 0.84 0.04 - - - - - - 
       
    † p-values < 0.05 are in italics 
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Table E-2. Results for multiple linear regression analysis for tertiary mode trials (Models 11 to 20) 
 Regression model 11 12 13 14 15 16 17 18 19 20 
 R̅ 2 0.86 0.54 0.55 0.16 0.16 0.25 0.13 0.14 0.09 0.22 
 Trials 25 68 68 133 133 92 133 154 154 92 
p
-v
a
lu
e
s
 (
s
ig
n
if
ic
a
n
t 
if
 <
 0
.0
5
) 
Intercept 0.005 8.7E-04 3.7E-04 0.017 0.007 0.013 0.080 0.358 1.9E-08 0.046 
x1; Rock type (LS/DOL/CH) 0.014 0.130 0.129 0.231 0.056 0.039 - - - - 
x2; Rock source (RE/OC) 0.005 0.740 0.494 0.022 0.018 - - - - - 
x3; Anhydrite presence 0.005 - - - - - - - - - 
ISJP 0.006 0.029 0.023 0.500 0.435 0.911 0.217 0.091 0.053 0.934 
(Ca+Mg)JP 0.006 0.011 0.010 0.576 0.617 0.861 0.510 0.746 0.708 0.539 
SO4JP 0.019 0.578 0.587 0.061 0.064 0.632 0.045 0.192 0.326 0.919 
ρoil 0.005 0.001 0.000 0.010 0.006 0.011 0.074 - - 0.037 
μoil 0.002 0.255 0.341 0.042 0.038 0.023 0.225 - - 0.053 
AN 0.011 0.570 0.509 - - 7.3E-05 - - - 6.7E-05 
BN 1.4E-04 0.834 0.890 - - - - - - - 
TC 0.009 0.016 0.015 0.050 0.036 0.054 0.022 0.002 - 0.066 
x5; Aged (yes/no) - - 0.159 0.244 - - - - - - 
x4; Study group 0.003 0.238 0.126 0.826 - - - - - - 
C
o
e
ff
ic
ie
n
ts
 
Intercept -8544.6 246.8 272.3 51.4 56.4 118.2 30.8 -1.3 2.9 92.3 
x1; Rock type (LS/DOL/CH) -2.2 -1.1 -1.1 -0.9 -1.2 -1.5 - - - - 
x2; Rock source (R/OC) 454.8 -0.4 -0.9 2.35 2.34 - - - - - 
x3; Anhydrite presence 455.3 - - - - - - - - - 
ISJP -87.8 -11.0 -11.3 -0.4 -0.4 0.1 -0.7 -0.9 -1.0 -0.1 
(Ca+Mg)JP 708.1 97.3 98.9 -1.9 -1.7 -1.4 -2.2 -1.1 -1.3 -4.9 
SO4JP 560.7 22.6 21.8 -7.0 -6.8 12.9 -7.5 -4.5 -3.5 2.8 
ρoil 9659.2 -302.2 -331.1 -66.2 -70.0 -144.9 -38.3 -   -117.6 
μoil -129.2 0.6 0.5 0.2 0.2 0.6 0.1 -   0.5 
AN -31.8 2.4 2.8 - - 3.9 - - - 4.0 
BN 259.7 0.2 0.1 - - - - - - - 
TC 0.08 0.04 0.04 0.04 0.04 0.04 0.04 0.05 - 0.04 
x5; Aged (yes/no) - - -2.06 1.58 - - - - - - 
x4; Study group 134.26 1.13 1.52 -0.03 - - - - - - 
       
    † p-values < 0.05 are in italics 
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Table E-3. Results for multiple linear regression analysis for tertiary mode trials (Models 21 to 30) 
 Regression model 21 22 23 24 25 26 27 28 29 30 
 R̅ 2 0.76 0.08 0.24 0.26 0.47 0.34 0.19 0.12 0.14 0.09 
 Trials 25 48 92 92 68 68 92 133 154 154 
p
-v
a
lu
e
s
 (
s
ig
n
if
ic
a
n
t 
if
 <
 0
.0
5
) 
Intercept 0.033 0.214 0.008 0.003 1.9E-04 4.4E-01 0.057 0.152 0.411 2.1E-08 
x1; Rock type (LS/DOL/CH) 0.021 0.337 0.066 0.042 - - - - - - 
x2; Rock source (RE/OC) 0.027 0.800 0.995 - - - - - - - 
x3; Anhydrite presence 0.027 0.201 - - - - - - - - 
ISJP 0.063 0.993 0.948 0.979 0.824 3.5E-04 0.443 0.242 0.114 0.062 
(Ca+Mg+SO4)JP 0.061 0.917 0.985 0.949 0.536 1.5E-04 0.948 0.177 0.384 0.461 
ρoil 0.033 0.201 0.007 0.003 1.7E-04 - - 0.143 - - 
μoil 0.013 0.144 0.034 0.009 7.3E-05 - - 0.316 - - 
AN 0.032 0.467 0.002 7.3E-05 4.2E-05 0.032 5.1E-04 - - - 
BN 0.003 - - - 0.138 0.259 - - - - 
TC 0.044 0.546 0.059 0.059 0.037 0.059 0.004 0.032 0.002 - 
x5; Aged (yes/no) - - 0.666 - - - - - - - 
x4; Study group 0.016 0.326 0.667 - - - - - - - 
C
o
e
ff
ic
ie
n
ts
 
Intercept -7796.0 182.8 128.5 127.8 280.7 -1.7 -4.0 24.7 -1.1 2.9 
x1; Rock type (LS/DOL/CH) -2.7 -1.6 -1.5 -1.4 - - - - - - 
x2; Rock source (R/OC) 436.6 1.4 0.0 - - - - - - - 
x3; Anhydrite presence 436.2 -8.6 - - - - - - - - 
ISJP -69.9 0.0 -0.1 0.0 -0.8 -10.7 -0.8 -0.6 -0.8 -1.0 
(Ca+Mg+SO4)JP 560.4 1.0 0.2 -0.5 15.9 86.6 -0.5 -4.3 -2.6 -2.3 
ρoil 8781.6 -217.1 -156.8 -156.7 -351.7 - - -30.8 - - 
μoil -121.8 1.5 0.6 0.6 1.1 - - 0.1 - - 
AN -33.9 -1.8 4.0 3.8 10.5 2.6 3.4 - - - 
BN 218.6 - - - 1.3 -0.6 - - - - 
TC 0.07 0.02 0.04 0.04 0.04 0.04 0.06 0.04 0.05 - 
x5; Aged (yes/no) - - -0.76 - - - - - - - 
x4; Study group 131.62 -0.72 0.09 - - - - - - - 
       
    † p-values < 0.05 are in italics 
  
xxvii                                                                                                                                                  Controlled Salinity Waterflooding in Carbonates: Evidence, Mechanisms and Comparative Study with Sandstones 
 
Table E-4. Results for multiple linear regression analysis for tertiary mode trials (Models 31 to 40) 
 Regression model 31 32 33 34 35 36 37 38 39 40 
 R̅ 2 0.75 0.52 0.52 0.53 0.51 0.52 0.33 0.33 0.19 0.19 
 Trials 25 68 68 68 68 68 92 92 133 154 
p
-v
a
lu
e
s
 (
s
ig
n
if
ic
a
n
t 
if
 <
 0
.0
5
) 
Intercept 0.417 4.8E-05 2.2E-05 5.7E-06 2.7E-05 2.1E-07 4.6E-03 0.016 0.054 0.119 
x1; Rock type (LS/DOL/CH) 0.051 0.162 0.161 0.113 - - 0.101 - - - 
x2; Rock source (RE/OC) 0.318 0.906 0.833 - - - - - - - 
x3; Anhydrite presence 0.317 - - - - - - - - - 
ISJP 0.104 0.301 0.256 0.258 0.191 0.099 0.013 5.2E-04 2.3E-06 8.8E-07 
(Ca/SO4)JP 0.569 0.054 0.048 0.042 0.034 0.031 0.019 0.009 5.3E-04 9.5E-04 
(Mg/SO4)JP 0.576 0.681 0.669 0.707 0.636 0.970 0.983 0.945 0.079 0.142 
ρoil 0.425 2.7E-05 1.2E-05 3.1E-06 1.4E-05 1.6E-07 0.004 0.011 0.044 - 
μoil 0.121 0.073 0.107 0.105 0.100 2.8E-07 0.011 0.025 0.286 - 
AN 0.025 0.070 0.057 0.056 0.072 1.9E-06 0.001 2.6E-04 - - 
BN 0.005 0.059 0.065 0.064 0.112 0.096 - - - - 
TC 0.005 0.010 0.010 0.009 0.013 0.010 0.030 0.027 0.007 3.2E-04 
x5; Aged (yes/no) - - 0.177 0.177 - - 0.535 - - - 
x4; Study group 0.143 0.615 0.429 0.437 0.562 - - - - - 
C
o
e
ff
ic
ie
n
ts
 
Intercept -1882.5 349.8 376.6 369.7 330.7 301.0 117.6 91.9 31.9 -2.2 
x1; Rock type (LS/DOL/CH) -2.3 -1.0 -1.0 -1.1 - - -1.2 - - - 
x2; Rock source (R/OC) 163.2 0.2 -0.3 - - - - - - - 
x3; Anhydrite presence 163.2 - - - - - - - - - 
ISJP -3.8 -2.1 -2.3 -2.2 -2.6 -3.0 -2.1 -2.7 -1.9 -1.8 
(Ca/SO4)JP 0.24 4.0E-03 4.1E-03 3.9E-03 4.2E-03 4.2E-03 2.7E-03 2.9E-03 2.8E-03 2.5E-03 
(Mg/SO4)JP -1.36 -2.4E-03 -2.5E-03 -1.9E-03 -2.4E-03 -1.2E-04 -8.2E-05 -2.5E-04 -4.5E-03 -3.4E-03 
ρoil 2037.2 -432.4 -462.8 -454.8 -411.4 -377.2 -145.1 -118.1 -40.8 - 
μoil -63.5 1.0 0.9 0.9 0.9 1.2 0.6 0.5 0.1 - 
AN -36.0 7.6 8.0 8.0 7.6 9.7 3.9 3.5 - - 
BN 193.3 1.6 1.6 1.6 1.3 1.4 - - - - 
TC 0.11 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.06 
x5; Aged (yes/no) - - -2.02 -1.95 - - -1.06 - - - 
x4; Study group 73.41 0.65 1.03 1.00 0.74 - - - - - 
       
    † p-values < 0.05 are in italics 
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Table E-5. Results for multiple linear regression analysis for tertiary mode trials (Models 41 to 50) 
 Regression model 41 42 43 44 45 46 47 48 49 50 
 R̅ 2 0.77 0.10 0.34 0.34 0.32 0.09 0.33 0.24 0.52 0.12 
 Trials 25 48 92 92 92 48 92 68 68 154 
p
-v
a
lu
e
s
 (
s
ig
n
if
ic
a
n
t 
if
 <
 0
.0
5
) 
Intercept 0.232 1.8E-01 0.015 0.005 0.025 0.093 0.015 0.149 2.7E-07 1.4E-08 
x1; Rock type (LS/DOL/CH) 0.045 0.419 0.102 0.141 - - - - - - 
x2; Rock source (RE/OC) 0.157 0.964 0.738 - 0.757 - - - - - 
x3; Anhydrite presence 0.159 2.1E-01 - - - 0.595 - - - - 
ISJP 0.087 0.632 0.007 0.019 0.001 0.917 5.8E-04 0.013 0.170 2.8E-06 
((Ca+Mg)/SO4)JP 0.045 0.487 9.0E-04 0.002 7.8E-04 0.595 5.7E-04 0.004 0.016 0.014 
ρoil 0.240 1.6E-01 0.012 0.004 0.018 0.083 0.010 0.128 1.9E-07 - 
μoil 0.055 1.2E-01 0.006 0.004 0.017 0.050 0.010 0.107 3.1E-08 - 
AN 0.021 0.598 1.1E-04 2.3E-05 8.7E-05 0.836 2.6E-05 0.009 2.4E-07 - 
BN 0.004 - - - - - - - 0.141 - 
TC 0.004 0.584 0.058 0.032 0.035 0.207 0.032 0.034 0.007 - 
x5; Aged (yes/no) - - - - - - - 0.801 - - 
x4; Study group 0.064 0.239 0.170 - - - - - - - 
C
o
e
ff
ic
ie
n
ts
 
Intercept -2452.7 200.7 108.6 115.5 99.5 112.8 92.4 69.9 294.3 2.8 
x1; Rock type (LS/DOL/CH) -2.3 -1.3 -1.2 -1.0 - - - - - - 
x2; Rock source (R/OC) 204.2 0.2 0.5 - -0.4 - - - - - 
x3; Anhydrite presence 203.4 -8.2 - - - -2.0 - - - - 
ISJP -3.9 -0.7 -2.5 -1.9 -2.4 -0.1 -2.5 -2.4 -2.0 -1.7 
((Ca+Mg)/SO4)JP 3.8E-03 8.5E-04 2.6E-03 2.1E-03 2.3E-03 6.1E-04 2.3E-03 2.3E-03 2.7E-03 1.2E-03 
ρoil 2662.2 -238.1 -135.3 -144.1 -127.0 -139.0 -118.9 -91.2 -369.5 - 
μoil -72.0 1.6 0.7 0.6 0.6 0.7 0.6 0.5 1.2 - 
AN -36.1 -1.3 4.0 3.8 3.9 0.4 3.8 3.4 10.3 - 
BN 191.3 - - - - - - - 1.1 - 
TC 0.11 0.02 0.04 0.05 0.05 0.05 0.05 0.06 0.05 - 
x5; Aged (yes/no) - - - - - - - -0.69 - - 
x4; Study group 84.41 -0.90 -0.30 - - - - - - - 
       
    † p-values < 0.05 are in italics 
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Table E-6. Results for multiple linear regression analysis for tertiary mode trials (Models 51 to 60) 
 Regression model 51 52 53 54 55 56 57 58 59 60 
 R̅ 2 0.86 0.23 0.21 0.43 0.28 0.15 0.17 0.12 0.21 0.20 
 Trials 25 82 154 68 92 133 154 154 154 154 
p
-v
a
lu
e
s
 (
s
ig
n
if
ic
a
n
t 
if
 <
 0
.0
5
) 
Intercept 0.005 0.357 0.292 0.286 0.066 0.263 0.569 4.5E-07 0.287 0.908 
x1; Rock type (LS/DOL/CH) 0.015 0.893 0.128 - - - - - 0.127 0.052 
x2; Rock source (RE/OC) 0.005 0.017 0.074 - - - - - 0.074 0.092 
x3; Anhydrite presence 0.005 0.290 - - - - - - - - 
ISJI 0.544 0.059 0.012 1.2E-05 0.750 0.647 0.269 0.262 0.009 0.040 
((Ca+Mg)/SO4)JI 0.022 0.525 0.936 0.217 0.686 0.765 0.859 0.745 - - 
ISJP 0.143 0.050 1.1E-04 2.4E-04 9.2E-04 4.1E-05 6.5E-06 3.1E-06 6.9E-05 3.9E-05 
((Ca+Mg)/SO4)JP 0.263 0.471 0.088 9.5E-05 0.030 0.134 0.054 0.058 0.010 0.009 
ρoil 0.006 - - - - 0.261 - - - - 
μoil 0.002 - - - - 0.429 - - - - 
AN 0.014 - - 1.0E-04 2.2E-04 - - - - - 
BN 2.2E-04 - - 2.4E-06 - - - - - - 
TC 0.015 0.008 5.7E-04 0.003 0.004 0.019 0.002 - 5.2E-04 1.1E-03 
x5; Aged (yes/no) - - 0.036 - - - - - 0.034 - 
x4; Study group 0.004 - - - - - - - - - 
C
o
e
ff
ic
ie
n
ts
 
Intercept -10141.2 -3.3 -2.5 2.5 -3.8 22.4 -0.8 3.3 -2.5 0.2 
x1; Rock type (LS/DOL/CH) -2.4 -0.1 -1.0 - - - - - -1.0 -1.3 
x2; Rock source (R/OC) 584.3 3.2 1.6 - - - - - 1.5 1.5 
x3; Anhydrite presence 584.7 1.6 - - - - - - - - 
ISJI 1.6 0.9 0.8 2.4 0.1 0.1 0.3 0.3 0.8 0.6 
((Ca+Mg)/SO4)JI 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - - 
ISJP -2.9 -0.9 -1.5 -6.4 -2.7 -1.8 -1.8 -1.9 -1.5 -1.6 
((Ca+Mg)/SO4)JP 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
ρoil 11463.5 - - - - -28.0 - - - - 
μoil -142.0 - - - - 0.1 - - - - 
AN -31.7 - - 4.7 3.3 - - - - - 
BN 260.5 - - -3.4 - - - - - - 
TC 0.07 0.06 0.05 0.06 0.06 0.04 0.05 - 0.05 0.05 
x5; Aged (yes/no) - - 2.84 - - - - - 2.85 - 
x4; Study group 136.06 - - - - - - - - - 
       
    † p-values < 0.05 are in italics 
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Table E-7. Results for multiple linear regression analysis for tertiary mode trials (Models 61 to 66) 
 Regression model 61 62 63 64 65 66 
 R̅ 2 0.25 0.29 0.36 0.29 0.33 0.28 
 Trials 27 27 27 27 27 27 
p
-v
a
lu
e
s
 (
s
ig
n
if
ic
a
n
t 
if
 <
 0
.0
5
) Intercept 0.374 0.388 0.077 0.526 0.268 0.236 
x1; Rock type (LS/DOL/CH) 0.716 0.760 - - - - 
x2; Rock source (RE/OC) 0.967 0.861 - - - - 
ISJP 0.045 0.041 0.028 0.006 0.004 2.8E-03 
((Ca+Mg)/SO4)JP 0.745 0.744 0.696 0.946 0.959 0.790 
((Ca+Mg)/SO4)JE 0.058 0.054 0.031 0.144 0.166 0.331 
ρoil 0.353 0.366 0.085 0.555 - - 
μoil 0.328 0.338 0.069 0.475 - - 
TC 0.707 0.697 0.831 0.517 0.110 - 
x5; Aged (yes/no) 0.759 - - - - - 
x4; Study group 0.421 0.443 0.082 - - - 
C
o
e
ff
ic
ie
n
ts
 
Intercept -238.7 -215.1 -145.2 -32.5 -4.4 1.6 
x1; Rock type (LS/DOL/CH) 2.5 2.0 - - - - 
x2; Rock source (R/OC) -0.2 0.6 - - - - 
ISJP -2.3 -2.3 -2.3 -2.9 -2.8 -3.0 
((Ca+Mg)/SO4)JP -3.1E-03 -3.1E-03 -3.4E-03 6.1E-04 4.4E-04 2.4E-03 
((Ca+Mg)/SO4)JE 9.9E-03 9.7E-03 9.6E-03 5.6E-03 4.5E-03 3.1E-03 
ρoil 2.8E+02 2.5E+02 1.7E+02 3.9E+01 - - 
μoil -1.2E+00 -1.1E+00 -8.0E-01 -1.9E-01 - - 
TC 0.03 0.03 0.01 0.04 0.07 - 
x5; Aged (yes/no) -1.48 - - - - - 
x4; Study group 2.56 2.19 1.33 - - - 
       
    † p-values < 0.05 are in italics 
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Table E-8. Results for multiple linear regression analysis for secondary mode trials (Model 67-71) 
Regression model 67 68 69 70 71 
R̅ 2 0.86 0.28 0.07 0.35 0.44 
Trials 6 6 6 6 6 
p
-v
a
lu
e
s
 (
s
ig
n
if
ic
a
n
t 
if
 <
 0
.0
5
) Intercept 0.227 0.162 0.794 0.149 0.448 
ISJI 0.372 0.225 0.724 0.418 0.339 
CaJI 0.930 - - - - 
MgJI 0.236 - - - - 
SO4JI 0.236 0.852 - - - 
(Ca+Mg)JI - 0.172 - - - 
(Ca+Mg+SO4)JI - - 0.730 - - 
(Ca/SO4)JI - - - 0.642 - 
(Mg/SO4)JI - - - 0.534 - 
((Ca+Mg)/SO4)JI - - - - 0.338 
TC - - 0.821 - 0.441 
C
o
e
ff
ic
ie
n
ts
 
Intercept 17.0 26.6 190.9 27.0 -1323.2 
ISJI 29.4 -25.8 -12.1 -20.6 -25.6 
CaJI 7.3 - - - - 
MgJI -1027.0 - - - - 
SO4JI 260.4 31.6 - - - 
(Ca+Mg)JI - 172.3 - - - 
(Ca+Mg+SO4)JI - - 86.0 - - 
(Ca/SO4)JI - - - -0.2 - 
(Mg/SO4)JI - - - 1.8 - 
((Ca+Mg)/SO4)JI - - - - 0.3 
TC - - -1.4 - 11.1 
 
